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     CHAPTER I 
INTRODUCTION 
 
Mannheimia haemolytica is the major cause of fibrinous and necrotizing 
pleuropneumonia of cattle termed bovine pneumonic pasteurellosis (BPP) or shipping 
fever. BPP has a significant economic impact costing approximately $ 3 billion annually 
to the US cattle industry alone. Several virulence factors of M. haemolytica promote host-
pathogen interactions by assisting the bacterium to colonize cattle lungs and contribute to 
the development of pneumonia. Leukotoxin (LKT) and lipopolysaccharide (LPS) are two 
critically important virulence factors, and their roles in the pathogenesis of shipping fever 
are well documented. Other virulence factors with less documented pathogenic roles 
include capsule, fimbriae, iron-regulated proteins, outer membrane proteins, 
neuraminidase, and a neutral glycoprotease.  
 
Most of the knowledge that has been generated about the role of LKT and LPS in 
the pathogenesis of shipping fever comes from multiple in vitro studies using purified 
LKT alone or in combination with LPS. In vivo studies using whole bacteria are limited. 
Studies using whole bacteria containing all virulence factors should provide better insight 
into the pathogenesis of shipping fever. Therefore, we investigated the role of LKT by 
challenging bovine alveolar macrophages (BAM) and live calves with LKT-deficient and 
wild type M. haemolytica strains.  
 
The hypothesis was that cytokine mRNA modulation in inflammatory cells is influenced 
by LKT. The experiments were designed in two parts, in vitro followed by an in vivo 
experiment.  For in vitro experiment, BAM were challenged with the wild type and LKT-
deficient M. haemolytica at the concentration of 1 bacterium per BAM. The effects on 
macrophage function were measured by quantifying the cytokine response of TNFα, IL-
1ß, IL-8, IL-10 and IL-12 using ELISA and real-time RT-PCR.  In vivo experiment was 
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designed to further investigate the role of LKT in modulating cytokine gene and 
protein expression in bovine inflammatory cells obtained from the lungs of calves 
challenged by an isogenic LKT deficient and wt M. haemolytica strains.  
A growing body of evidence implicates multiple inflammatory cytokines in the 
pathogenesis of BPP. Heat-killed M. haemolytica, as well as purified LPS and LKT 
induce the expression of cytokines TNFα, IL-1β, and IL-8 genes and proteins in bovine 
alveolar macrophages in vitro. We identified cytokines TNFα, IL-1ß, and IL-8 because 
these are pleiotropic early response proinflammatory molecules produced by a variety of 
cells and play significant roles in innate immunity. The cytokine IL-12 was selected for 
measurement because it is involved principally in regulating-adaptive immune response. 
The principal routine function of IL-10 appears to be to limit and ultimately terminate 
inflammatory responses.  
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CHAPTER II 
REVIEW OF LITERATURE 
 
Virulence factors associated with Mannheimia haemolytica infection in 
cattle  
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Abstract  
Mannheimia haemolytica S1 is considered the predominant cause of bovine pneumonic 
pasteurellosis (BPP) or shipping fever. Various virulence factors allow M. haemolytica to 
colonize the lungs and establish infection; the foremost of these virulence factors is the 
leukotoxin (LKT). Other virulence factors include adhesin; capsule, outer membrane 
proteins, and various proteases used for evading innate and adaptive host immune 
responses. The effects of LKT are ruminant species-specific and follow a dose dependent 
activation-inhibition paradox on bovine leucocytes. At very low concentrations, LKT can 
activate bovine leukocytes to undergo respiratory burst and degranulation, stimulate 
cytokine release from macrophages, and stimulate histamine release from mast cells. At 
high concentration LKT stimulates cells to undergo apoptosis; while still at higher 
concentration, leukotoxin results into formation of transmembrane pores and subsequent 
cell necrosis.  The species specificity of LKT stem from a unique interaction with the 
bovine β2 integrin receptor. The interaction of LKT with alveolar macrophages and 
neutrophils is followed by activation of these leukocytes to undergo oxidative burst and 
release of proinflammatory cytokines such as IL-1, IL-8, IL-6, and TNF alpha. Under the 
similar effects induced by LPS, inflammatory cells conglomerate in the lungs. Formation 
of transmembrane pores in activated leukocytes results in release of products reactive 
oxygen radicals, lysosomal enzymes, and arachidonic acid metabolites into pulmonary 
parenchyma resulting in tissue destruction and bronchopneumonia.  
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Introduction 
M. haemolytica is the major cause of fibrinous and necrotizing 
bronchopneumonia of cattle termed bovine pneumonic pasteurellosis (BPP) or Shipping 
Fever. BPP has a marked economic significance worldwide and costs approximately $ 1 
billion annually to the US cattle industry [1].  The term ‘shipping fever’ emphasizes 
circumstances (stress) under which the disease predominantly occurs. Various 
combinations of environmental stress such as inclement weather, shipment, weaning, 
overcrowding and complex interactions between several infectious agents including 
Bovine herpesvirus -1 (BHV-1), parainfluenza 3 virus (PI-3), bovine respiratory syncytial 
virus (BRSV), bovine viral diarrhea virus (BVDV) and bacteria can act as predisposing 
factors. Although, the shipping-fever is a multifactorial disease, M. haemolytica serotype 
S1 is considered the major cause of pneumonia and it is generally believed that control of 
M. haemolytica serotype S1 infection would markedly reduce the prevalence and severity 
of shipping fever.  
 
M. haemolytica is an opportunistic pathogen; it is a normal inhabitant of 
nasopharynx and tonsils of cattle and sheep[2, 3]. In healthy cattle, the relatively 
nonpathogenic M. haemolytica serotypes S2 and S4 predominate, while the pathogenic 
serotype S1 is present in low numbers [4, 5]. Although the exact mechanisms are not 
known, stress results in microenvironment changes favorable for multiplication and 
colonization of serotype S1 in the upper respiratory tract. The selective growth and 
colonization of nasopharyngeal region by M. haemolytica serotype S1 is a prerequisite 
for the development of shipping fever [6]. Resulting colonization of nasal mucosa with 
large numbers of serotype S1 contributes to the inhalation of aerosol droplets containing 
bacteria into the trachea and lungs [7]. Healthy calves can clear the inhaled bacteria, 
whereas stressed calves develop pneumonia. Although the most common isolate from the 
cattle lung with shipping fever is M. haemolytica serotype S1, other reported serotypes 
include S2,S5, S6, S9[8, 9].  
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The underlying pathologic process by which various environmental factors alone 
or in combination with certain microorganisms predispose cattle to shipping fever is 
unknown. Presumably, alteration of local innate and adaptive immune responses 
contribute to the development of the disease process[10]. In experimental inoculation of 
calves with BVDV, there is a significant reduction in the numbers of CD4+ and CD8+ 
lymphocytes in the peripheral blood that can alter adaptive immune response [10, 11]. 
Calves infected with BHV-1 cannot clear inhaled bacteria due to the damaged 
mucociliary apparatus and altered alveolar macrophage functions [11]. Leite et al., (2005) 
suggested that incubation of bovine neutrophils with the medium from BHV-1-infected 
peripheral blood mononuclear cells increase their susceptibility to M. haemolytica 
exotoxin leukotoxin (LKT) by increasing expression of LKT receptors on neutrophils 
[12]. Likewise, the in vitro susceptibility of bighorn sheep neutrophils to LKT was 
increased by prior exposure to elevated plasma cortisol concentrations [13]. It is, 
therefore, possible that a similar process occurs in neutrophils and alveolar macrophages 
in vivo thereby predisposing calves to BPP [13]. Additionally, physical factors such as 
exposure of calves to cold air not only disrupted normal lung functions as shown by the 
altered ventilation and gas exchange, but also increased cortisol levels and altered 
neutrophil functions [14-16]. Alternatively, it is also possible that, stress-associated 
changes may modulate expression of bacterial surface proteins and enzymes thereby 
enhancing pulmonary colonization [1]. 
 
Various virulence factors possessed by M. haemolytica S1 promote lung 
colonization and evasion of host immune response. Therefore, the host immune status is 
critical in counteracting these strategies. If the host immune response is not strong 
enough to curtail the pulmonary colonization, these interactions contribute to the 
development of BPP. Multiple review articles address these interactions in detail[17, 
18].Several virulence factors of M. haemolytica serotype S1 promote host-pathogen 
interaction and influence the outcome of these interactions. Out of these, LKT and 
lipopolysaccharide (LPS) are critically important virulence factors, and their roles in 
pathogenesis of shipping fever are well documented [6, 17, 19, 20].  Other virulence 
factors whose pathogenic roles are less well documented or not defined include capsule, 
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adhesin, outer membrane proteins, and various proteases such as neuraminidase, 
glycoprotease, and metalloglycoprotease [19, 19, 21-31]. Following is a brief overview of 
the virulence factors associated with M. haemolytica serotype S1. 
 
1. Surface proteins and carbohydrates 
a. Adhesins 
A naïve host encounters M. haemolytica from the environment through air or 
droplet inhalation. A necessary requirement for development of BPP is initial 
colonization and establishment in nasopharynx by adherence to the epithelial surface 
[32]. This binding must be such that it provides resistance to physical removal by air flow 
and by local innate immune mechanisms such as mucosal clearance. The specific 
adhesins of M. haemolytica involved in nasopharyngeal epithelial binding are not fully 
understood [33]. De la Mora et al., (2006) demonstrated a 68 kDa adhesin molecule 
associated with M. haemolytica, which is involved in adhesion to tracheal cell cultures 
[22]. In addition to binding tracheal cell-cultures, this adhesin also bound a 165-kDa 
glycoprotein receptor on neutrophils and activated them to undergo an oxidative 
burst.[22]  Whether this adhesin is involved in in vivo localization has yet to be 
established. Another, putative adhesin molecule that is present on fimbriae of M. 
haemolytica binds to a sialoglycoprotein receptor on respiratory epithelium[21]. 
However, a locus encoding such an adhesin has not yet been identified [33].   
Alternatively, adhesion molecules are not always necessary for niche colonization, 
because of nonspecific adherence to epithelial surface via capsular or other bacterial 
surface proteins can occur or bacteria can simply remain within the mucus layer. This 
view is supported by the fact that adherence of M. haemolytica to nasal mucus can be 
altered by enzymatic degradation of protein and carbohydrate component of mucus [34]. 
M. haemolytica-derived neuraminidase has been shown to exert a pathogenic role by 
degrading mucus components enhancing M. haemolytica adherence to epithelium[31]. 
Retzer et al., (1998) proposed outer membrane iron-binding proteins known as TbpA and 
TbpB, which are involved in iron acquisition, to potentially serve as an adhesin molecule 
because of their homologue in Neisseria meningitidis is expressed on bacterial surface 
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[35]. Furthermore, based on evaluation of the M. haemolytica genome sequence 
comparision with a motif from Neisseria meningitidis and Bordetella sp. filamentous 
hemagglutinin, Highlander proposed another high molecular weight (340 Kd) 
filamentous hemagglutinin as an adhesin molecule [33]. Additionally, other putative 
adhesin-like sequences have been observed in the genome sequence of M. haemolytica 
S1; analysis of those proteins is awaited [33, 36].  
 
b. Lipopolysaccharide 
LPS is an important virulence factor and plays a critical role in the pathogenesis 
of BPP. Current evidence indicates that LPS contributes to pulmonary pathology through 
a variety of complex mechanisms including the stimulation of leukocytes to produce 
proinflammatory cytokines, activation of complement and coagulation cascade, and 
direct cell cytolysis[23, 23, 37]. LPS is a highly dynamic outer membrane component that 
can adapt to the surroundings. Davies et al., (1997 and 1996) demonstrated distinct 
serological difference between LPS molecules extracted from different serotypes of M. 
haemolytica[38-40]. The LPS molecule of most serotypes consists of O-antigen, lipid A, 
and inner and outer core of oligosaccharides giving rise to smooth colonies due to its 
ability to bind water, whereas Serotype S2 and S8 lack O-antigen and are rough[41, 42]. 
The lipid A moiety of LPS is responsible for eliciting endotoxic effects such as pyrexia 
and hypotensive shock. LPS is a potent vasodilator and when administered intravenously 
in sheep it produced clinical signs of hypotension (Adlam, 1989). The systemic effects of 
LPS are considerably important in acute pasteurellosis, which causes septicemia in lambs 
resulting in high mortality. The pathological effects of LPS are mediated by binding of 
LPS with LPS-binding protein (LBP) and subsequently further interactions are, most-
likely, mediated by CD 14. LPS forms high molecular weight complexes with LKT thus 
working in synergy by promoting the pathogenic-effect of each other[23, 43].  
Additionally, in vitro studies revealed that bovine alveolar macrophages (BAM) 
challenged simultaneously with both LKT and LPS produced more TNF alpha and IL-8 
compared to cells challenged with each factor individually[23].  
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In the pneumonic calf lungs, LPS can rapidly cross the alveolar wall and was 
found localized within the cytoplasm of neutrophils, alveolar macrophages, endothelial 
cells, pulmonary intravascular macrophages, and on epithelial cell surfaces [44]. It can 
stimulate alveolar macrophages to produce proinflammatory cytokines, reactive nitrogen 
intermediates, reactive oxygen intermediates, and other mediators that can participate 
actively in the inflammatory process [45, 46]. Subsequently, these proinflammatory 
cytokines and chemotactic mediators initiate influx of neutrophils [23, 47]. In vitro 
challenge of bovine neutrophils with both LPS and LKT resulted in degranulation, 
generation of superoxide, and nitric oxide and lysis[48].  Another in vitro study 
demonstrated increased expression of elastase, myeloperoxidase (MPO), nitric oxide and 
alkaline phosphatase in neutrophils [49].  The in vitro effect of LPS on BAMs  
demonstrated a dose dependent increase in iNOS gene expression, and NO generated 
from LPS-stimulated BAMs caused cytotoxic injury to pulmonary endothelial cells in a 
dose-dependent manner [46]. Inculcation of M. haemolytica in calf lung lobes revealed 
iNOS gene expression in leukocytes and epithelial cells [50]. 
 
LPS can cause pulmonary damage directly through toxic effects on pulmonary 
endothelium and indirectly through neutrophil recruitment [51, 52].  The toxicity of LPS 
can be enhanced by complexing it with the phospholipids in the pulmonary surfactant 
which can help in pulmonary colonization by evading local innate immunity, thereby, 
allowing it to persist in the lung and initiate inflammation [53, 54]. Unfortunately, LPS 
used in this study was not derived from M. haemolytica and similar study was not 
conducted with surfactant obtained from calves with BPP; therefore, whether LPS of M. 
haemolytica uses similar mechanism is not known. The interaction of LPS with 
infiltrating leukocytes stimulates production of various proinflammatory cytokines e.g. 
IL-1 beta, IL-8, LTB4, prostaglandin E2, and TNF alpha from bovine leukocytes[23, 37, 
51]. Other systemic effects of LPS include fever and production of acute phase proteins 
by liver.  
 
Similar to LKT, LPS exhibits a dose dependent effect on the bovine peripheral 
blood leukocytes. At low concentrations, LPS decreased the phagocytic ability of 
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neutrophils, while at higher concentrations the phagocytic activity was increased (ref). 
Moderate concentration was mitogenic for mononuclear cells, whereas a high 
concentration had the opposite effects [55]. The effects of purified M. haemolytica LPS 
infusion at the cellular level were studied by Emau et al., 1987[56]. The authors 
concluded that the action of LPS at the cellular level was mediated by cyclic nucleotides 
as evidenced by an increase in plasma arachidonic acid, thromboxane B2 and 
prostaglandin E levels[56]. Although, O-antigen of LPS is immunogenic and antibodies 
exhibit cross-reactivity among different serotypes, there is no correlation between high 
antibody response to LPS and protection of the host from development of pneumonia [19, 
57].  
c. Capsule: 
  There are 12 serotypes of M. haemolytica (S1, S2, S5-S9, S12-14, S16 and S17) 
based on the differences in capsular polysaccharide antigen typing.  Log-phase bacteria 
exhibit good encapsulation, whereas stationary-phase bacteria exhibit poor encapsulation 
[58]. Several authors have shown similarities in between the capsular polysaccharides of 
M. haemolytica and other bacterial capsular polysaccharides; for instance, S2 capsular 
polymer is identical with capsular polysaccharides of Neisseria meningitidis B and E. coli 
K1 suggesting evolutionary relationship [59, 60]. 
The capsule of M. haemolytica S1 may be involved in colonization of lung by 
promoting bacterial adherence to respiratory epithelium [61]. Except for lung 
colonization, the specific role of capsule in the pathogenesis is not yet established.  
Several studies demonstrated that it may inhibit phagocytosis by neutrophils and 
macrophage and complement-mediated lysis of bacteria [62-64] whereas others found 
that the presence of capsule promoted phagocytosis and subsequent killing [65]. 
Vaccination with capsular antigens promote production of anti-capsular antibodies, a 
significant positive correlation was not established between the capsular antibody and 
protection [25]. 
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d. Outer membrane proteins 
Mannheimia haemolytica possess multiple outer membrane proteins (OMP)[66].  Several 
of these proteins are iron-regulated outer membrane proteins (IROMPs) and are 
physiologically and pathologically relevant because they are involved in iron acquisition 
such as transferrin binding protein 1 and 2 (Tbp 1 and Tbp 2); also called as TbpA and 
TbpB [67]. Because M. haemolytica does not produce siderophores, expression of these 
IROMPs is considered to be the main iron acquisition mechanism of M. haemolytica[67, 
68].  Iovane et al., (1998) demonstrated that OMP can also act as chemotactic agents 
for,neutrophils and inhibit their phagocytic and subsequent bacterial killing mechanisms 
thereby favoring bacterial pulmonary colonization[69]. These authors used multiple 
OMPs (28-40 kDa) and did not specify the strain of bacteria used for collecting the 
proteins. Detailed understanding of the protective antigens of M. haemolytica is not 
completely understood, but data indicate that the protective immunity against M. 
haemolytica can be acquired through the production of neutralizing antibodies to LKT 
and antibodies that bind to outer membrane proteins (OMP)[30, 70]. Pandher et al. (1998) 
identified 21 surface-exposed immunogenic OMPs from M. haemolytica S1[71]. One of 
the immunogenic OMPs that offers protection following vaccination is a 45 kDa serotype 
S1 outer membrane lipoprotein PlpE[66, 71]. The antibodies generated against PlpE offer 
cross protection against serotype 6 and promote phagocytosis and complement mediated 
killing of bacteria[71]. Another outer membrane protein, OmpA, is a highly conserved 
protein that acts as a ligand and is involved in binding to specific host cell receptors in 
the upper respiratory tract thereby playing role in adherence and colonization and in 
generating host-specificity[72]. In addition, outer membrane porins from M haemolytica 
stimulated the release of NO, the expression of iNOS in IFNγ activated macrophages, 
increased actin polymerization, and modified oxidative burst in neutrophils [69, 73].  
 
3. Toxins and extracellular enzymes 
a. Leukotoxin 
  M. haemolytica LKT and LPS are the best characterized virulence factors with 
respect to their pathogenic role in the shipping fever [33, 74]. Since its initial discovery, 
LKT has been the subject of intense investigation relative to its role in the pathogenesis 
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of shipping fever. Leukotoxin is an exotoxin and a member of the RTX (Repeats in 
Toxin) family of toxins. These toxins are genetically related and share a common highly 
conserved motif consisting of a series of glycine-aspartic acid nonapeptide repeats in the 
carboxy terminal third of the LKT protein molecule. This conserved motif is involved in 
calcium binding and plays a vital role in inducing leukocytic toxicity due to its ability to 
form tertiary conformation required for target host cell binding [75]. The conserved motif 
also contains a recognition site required for transport of LKT across biological 
membranes in bacteria by the tolC-dependent type I secretion system [76, 77]. The other 
members of this family and their leukotoxins include Actinobacillus 
actinomycetemcomitans (LtxA), Actinobacillus pleuropneumoniae cytotoxins (ApxIA, 
ApxIIA, and ApxIIIA),  E. coli alpha hemolysin, and Bordetella pertussis hemolysin. 
Although these members belonging to RTX family of toxins are genetically related due to 
the similarity of mechanisms involved in LKT activation, secretion and partially shared 
amino acid sequences, they differ markedly in target cell specificity[78].  
 
M. haemolytica LKT is a 102-105 kDa protein, produced by all serotypes during 
the logarithmic phase of bacterial growth in vitro [79].  The genetic organization of the 
LKT gene complex is composed of four genes with genes lktC and gene lktA located 
upstream and genes lktB and lktD located downstream[80]. The structural gene product of 
lktA is composed of 953 amino acids and encodes the biologically inactive component of 
LKT - protoxin (pro-LKT-A). Gene lktC encodes transacylase that post-translationally 
modifies the inactive pro-LKT-A by fatty acid acylation thereby converting it into a 
biologically active leukotoxin (LKT-A). During acylation, the fatty acid groups are added 
to the lysine residues located on LKT-A, which is a critical step in removing charge and 
increasing the hydrophobicity of LKT-A thereby providing biochemical alternation 
allowing LKT-A to insert in host cells. Although acylation is not required for LKT-A 
binding to the target cells, it is required for elevation of intracellular calcium ion 
concentration, generation of reactive oxygen species, production of IL-8 and causing 
cytolysis[81]. Gene products of lktB and lktD are required for transport of LKT-A from 
the bacterial cytoplasm into the outer environment (Fig. 1).  
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LKT-A contains domains that are responsible for receptor binding, pore-
formation and calcium binding[75, 82]. The N-terminal region is putatively involved in 
the receptor binding, whereas the adjacent residues of LKT-A consist of  a series of 
hydrophobic residues that are implicated in spanning the host cell membrane and possibly 
pore formation[83]. The carboxy terminal domain of LKT-A contains glycine and 
aspartate-rich repeats of RTX toxins. Most neutralizing epitopes are present within a 229 
amino acid region at the C-terminal end of LKT-A[80].  
 
LKT follows a species-specific, dose-dependent, activation-inhibition paradox on 
bovine leukocytes [84]. At low concentrations, LKT can activate neutrophils and 
macrophages to stimulate the respiratory burst and degranulation, stimulate 
proinflammatory cytokine (TNFα, IL-1 and IL-8) release from neutrophils and alveolar 
macrophages, reduce mitogen-mediated lymphoid proliferation, and stimulate histamine 
release from mast cells[48, 51]. At high concentrations, LKT stimulates bovine 
leukocytes to undergo apoptosis by engaging both extrinsic and intrinsic mechanisms, 
whereas at highest concentrations, LKT causes transmembrane pore formation, cell 
swelling and subsequent cell necrosis (oncotic cell death) [85-87]. The transmembrane 
pores in the plasma membrane of activated macrophages and neutrophils cause leakage of 
products of respiratory burst i.e. oxygen free radicals, superoxide anions, and hydrogen 
peroxide and other products such as nitric oxide, lysosomal enzymes including 
myeloperoxidase; arachidonic acid metabolites such as leukotriene B4 and 5-
hydroxyeicosatetraenoic acid into the surrounding pulmonary parenchyma [46, 48, 62, 
88]. 
LKT-A is a key virulence factor that contributes to the pathogenesis of the lung 
injury in BPP and is specific for ruminant leukocytes[29, 89]. In diseased lungs, LKT is 
associated with the cell membranes of degenerating inflammatory cells located in 
alveoli[44]. Although most strains of M. haemolytica from cattle and sheep produce 
leukotoxin, not all strains are equally pathogenic because LKT from these strains exhibit 
heterogeneity in terms of leukotoxic activity and amount of LKT produced, also there is a 
diversity of LKT structural gene lktA among strains [90, 91]. The importance of LKT in 
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causing pulmonary damage was established by intratracheal inoculation of calves with a 
LKT-deficient mutant M. haemolytica, which caused lower mortality and decreased lung 
lesions compared to animals challenged with the parent strain of bacterium that was 
capable of producing biologically active LKT [29, 89]. 
 
M. haemolytica induced pneumonia and other diseases are observed only in 
ruminants including cattle, sheep, bighorn sheep, goats, bison, and exotic ruminants 
because LKT-induced effects are specific for ruminant leukocytes including 
macrophages, lymphocytes, platelets, and neutrophils [92, 93]. This unique species-
specificity stems from the selective interaction of LKT with the β2 integrin receptor on 
target host cells [92, 94[2]]. Integrins are expressed on all cell types and are involved in 
cell-to-cell and cell-to-extracellular matrix interactions, whereas subtype β2 integrins are 
expressed exclusively on leukocytes including T lymphocytes, macrophages, neutrophils, 
monocytes and dendritic cells[95]. In cattle and sheep,
 
β2 integrins have been identified as 
the receptors for LKT binding and therefore important for its subsequent effects[94, 96-
99]. Although there is a consensus that LKT-induced specificity is due to β2 integrins 
binding, a complete agreement is lacking on specific β2 integrins and subunit of β2 
integrins required for receptor-ligand interaction[92, 94, 100].  Most of the scientific 
evidence support LKT interaction with the CD18 subunit of LFA-1 β2 integrin[93]. 
Furthermore, in vitro incubation of bovine leukocytes with proinflammatory cytokines 
(IL-1β and TNFά) resulted in increased expression of LFA-1 and a simultaneously 
increase LKT binding, cytotoxicity, and apoptosis[12, 101, 102]. Similarly, in vivo and in 
vitro results indicate that bovine herpesvirus-1 infection increases susceptibility of the 
bovine leukocytes to LKT binding and cytotoxicity by increasing LFA-1 on neutrophils 
and peripheral blood mononuclear cells [103]. Recent studies using LKT-resistant mouse 
histiocytoma, human K562, and other cell lines demonstrated that these cell lines could 
be rendered susceptible of LKT effects by expressing cattle CD18 subunits on these cells. 
However, other evidence suggests LKT binds not only with the CD18 subunit of other β2 
integrins but also with the CD-11subunit [86, 98]. It appears that binding of LKT to CD-
18 is critical in eliciting the pathologic effects of LKT, and during this binding LKT may 
interact with CD11 subunit [92, 93, 104]. Recently, it was suggested that LKT binds, in 
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particular, to the integrin epidermal growth factor 3 (I-EGF)-like domain of bovine CD18 
[105].  It has also been suggested that non-β2 integrins-mediated interaction may also 
occur not only with cells from non ruminant species but also with cells lacking β2 
integrins such as erythrocytes and platelets [82]. It is therefore possible that some effects 
are mediated by non-specific receptor ligand interactions.  
In addition, limited in vitro studies reveal that LKT at sublethal dose is capable of 
inhibiting concanavalin, pokeweed mitogen, and purified protein derivative induced 
lymphoid proliferation which was partially abrogated by preincubation of lymphocytes 
with IL- 1 and IL- 2.  The exact mechanism underlying this response is unknown; 
however, authors suggested failure of IL-2 production by lymphocytes or altered IL- 2 
receptor expression [106, 107]. This affect raises interesting concern on whether 
increased susceptibility to other bacteria or virus in BPP is due to the underlying 
lymphoid necrosis. However, lymphopenia is not a clinical feature of BPP and LKT is 
only restricted to lungs of affected animal with no systemic distribution [44] suggesting 
that LKT induced inhibition of lymphoid proliferation may only be an in vitro 
phenomenon.  
 
LKT Toxic mechanism 
LKT-induced cytotoxicity of host leukocytes is characterized by the formation of 
transmembrane pores and eventual cell lysis [108, 109]. It is known, that LKT inserts its 
N-terminus into the host cell membrane to form a hydrophilic pore, but how these 
terminal transmembrane pores are formed is controversial. Studies indicate 
polymerization of LKT occurs on host cells, thereby forming transmembrane pores, 
whereas others suggest LKT-induced regulation of voltage gated channels and thereafter 
formation of transmembrane pores[108, 110, 111]. Irrespective of what basic process is 
involved in pore formation, these pores are 0.001-0.002 µm in diameter, allow rapid loss 
of intracellular K+ from the host cell cytoplasm, and internalization of Na+ molecules 
causing colloid-osmotic imbalances[108]. Subsequently water moves into the cell to 
correct the colloid-osmotic imbalance resulting in rapid cell swelling[109]. Uncontrolled 
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transmembrane calcium influx occurs and likely activates membrane phospholipases and 
proteases or may disrupt the cytoskeletal structure. The outcome of these alterations is 
degradation of the cell membrane and subsequent cytolysis of leukocytes as demonstrated 
by release of cytoplasmic lactate dehydrogenase [109]. Similarly, LKT can enhance 
ruminant platelet adhesion and activate and induce transmembrane pore formation in 
platelets by calcium dependent mechanisms [112-114]. The transmembrane pore in the 
plasma membrane of activated macrophages and neutrophils cause leakage of products of 
respiratory burst, lysosomal enzymes, arachidonic acid metabolites into the pulmonary 
parenchyma [46, 48, 88, 115]. These byproducts inadvertently cause damage to the 
pulmonary parenchyma giving rise to fibrinous and necrotizing bronchopneumonia 
typical of BPP [88]. LKT can also induce release of histamine from isolated bovine mast 
cells which results into rapid influx of serum proteins and more neutrophils at the 
location of inflammation; thereby, increasing the population of susceptible cells in the 
lung[116]. Because β2 integrins are present on lymphocytes as well, LKT induced 
damage to these cells allow bacteria to evade host adaptive immune responses. 
The influence of calcium ions on the cytotoxic activity of M. haemolytica LKT is critical, 
because depletion of intracellular calcium-ion by addition of a calcium chelator 
eliminated the cytolytic effect of low doses of the toxin. Likewise, addition of calcium to 
target bovine leukemia cell line (BL-3) cell cultures depleted of the divalent cation 
restored the cytolytic effect of the leukotoxin. Addition of a calcium channel blocker 
resulted in dose-dependent protection BL-3. These results suggest that calcium positively 
influences the rapid initial phase of cell death resulting from exposure to the toxin [51, 
117]. 
 
b. Proteases 
A number of proteases have been associated with M. haemolytica. Although their 
specific physiological and pathological roles are not completely understood, some of 
them have been shown to be involved in circumventing innate and adaptive immune 
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response thereby enhancing lung colonization and establishment of the disease. In the 
bovine respiratory tract, IgA predominates in the upper respiratory tract whereas IgG is 
primary antibody in lower respiratory tract [118, 119]. Both IgG1 and IgG2 are believed 
to be important in defense against M. haemolytica infection. Glycoprotease obtained from 
the culture supernatant of M. haemolytica can selectively hydrolyze IgG1 thereby 
reducing opsonization induced phagocytosis and killing of bacteria [120]. Furthermore 
vaccination of calves with the recombinant glycoprotease alone and in combination with 
LKT provide protection against the disease [121].  All serotypes of M. haemolytica 
produce a zinc metalloglycoprotease (sialoglycoprotease) which can selectively degrade 
o-sialoglycoproteins [28, 122].  The precise pathogenic functions of this enzyme are not 
known; it is thought to involve adherence of bacteria to host epithelial cells; aggregation 
of platelets in the alveoli, and its activity can be potentiated by co-incubation with the 
LKT [113].  All strains of M. haemolytica produce another proteolytic enzyme 
neuraminidase, the precise function of which is also not known [31, 123]. Many 
respiratory pathogens, including Hemophilus influenzae, Streptococcus pneumoniae, and 
Pseudomonas aeruginosa, express neuraminidases (sialidases) that can cleave α2,3-
linked sialic acids from glycoconjugates. As mucosal surfaces are heavily sialylated, 
neuraminidases have been thought to modify epithelial cells by exposing potential 
bacterial receptors; enhance biofilm formation; and evading local innate immune 
response by cleaving salivary glycoproteins [124-126]. Therefore, it is possible that 
neuraminidase produced by M. haemolytica may play a role in initial colonization and 
evasion of antimicrobial killing and immune response by forming biofilm.  
 
Summary  
The pathogenesis of BPP is elaborate and complicated. In summary, M. 
haemolytica S1 is a normal inhabitant of upper respiratory tract of cattle. Predisposing 
factors include stress induced either by change in the environment (shipment, inclement 
weather, cold air) or by microbial agents (BHV-1, PI-3, BRSV, and BVDV infection). In 
the alveolar sacs, it initially interacts with the resident pulmonary alveolar macrophages 
that serve as primary line of host-defense. By various virulence factors, M. haemolytica 
can evade the immune response, colonize lungs and establish the infection. The foremost 
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of these virulence factors are LKT and LPS. In low sub cytotoxic dose LKT can activate 
macrophages through its interaction with its receptor ß2 integrins which is present not 
only on macrophages but also on other ruminant leukocytes including neutrophils and 
lymphocytes[48, 73]. This interaction of LKT with bovine leukocytes is followed by 
activation of leukocytes to undergo oxidative burst and release proinflammatory 
cytokines such as IL-1, IL-8, and TNFα (Fig. 2)[37, 53]. Under the similar effects 
induced by LPS, inflammatory cells conglomerate in the lungs[23, 45]. To overcome host 
defenses, M. haemolytica has evolved a powerful mechanism of inducing LKT mediated 
cytotoxicity of the leukocytes involved in the innate and adaptive immune response 
[109]. LKT forms transmembrane pores in bovine lymphocytes, neutrophils, 
macrophages, and mast cells and eventually resulting in cell cytotoxicity (Fig. 2)[109, 
127, 128].These transmembrane pore in the plasma membrane of activated macrophages 
and neutrophils cause leakage of products of respiratory burst, lysosomal enzymes, 
arachidonic acid metabolites such as  leukotriene B4 and 5-hydroxyeicosatetraenoic acid 
into the pulmonary parenchyma[48, 88, 101].These byproducts inadvertently damage the 
pulmonary parenchyma[88]. Moreover, increased expression of LKT receptor ß2 integrin 
was observed on bovine neutrophils incubated in vitro with LKT, LPS and cytokines such 
as IL-1beta and TNF-alpha, thereby, increasing LKT binding to the leukocytes and 
subsequent cytotoxicity [102, 129].  The biologic effects of these inflammatory 
molecules and LKT are morphologically evident in the form of necrotizing 
bronchopneumonia and formation of neutrophil derived ‘oat cells’ typical of M. 
haemolytica [48, 88]. To circumvent host defense mechanism of antibody mediated 
bacterial phagocytosis, M. haemolytica has generated a unique method of cleaving IgG 
delivered to the site of inflammation by using its immunoglobulin proteases [120]. In 
addition, in vitro studies reveal that LKT at sublethal dose is capable of inhibiting 
concanavalin, pokeweed mitogen, and purified protein derivative induced lymphoid 
proliferation thereby effecting adaptive immune response [106, 107].  
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Fig.1. Genetic organization of M. haemolytica S1 leukotoxin (LKT). 
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Fig. 2. Oversimplified hypothetical sequence of events followed by inhalation of M. 
haemolytica in the lung. Lipopolysaccharide (LPS) and leukotoxin (LKT) of M. 
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haemolytica origin activate the resident pulmonary macrophages to produce 
proinflammatory cytokines and undergo oxidative burst. Various cytokines serve 
as chemoattractant molecules for inflammatory cells. Under the influence of LKT, 
transmembrane pore are formed in the leukocytes including platelets which result 
into leakage of cellular constituent including molecules of reactive oxygen and 
nitrogen species and lysosomal enzymes. These cellular constituents inadvertently 
damage pulmonary parenchyma and give rise to necrotizing bronchopneumonia 
typical of M. haemolytica. Activation of complement during this process 
contributes to the damage induced by the bacteria.  
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CHAPTER III 
Cytokine mRNA modulation in bovine alveolar macrophages challenged with the 
wild type and leukotoxin mutant Mannheimia haemolytica  
 
K. Singh, A.W. Confer, T. Rizzi, J.C. Hope, Hsin-Yi Weng, J. H. Wyckoff III and J.W. 
Ritchey 
 
Leukotoxin (LKT) and lipopolysaccharide (LPS) are two important virulence factors 
associated with Mannheimia haemolytica. The importance of these virulence factors is 
well-documented by multiple in vitro studies using purified LPS and/or LKT. Studies 
using whole bacteria containing all virulence factors would provide better insight into the 
pathogenesis of shipping fever. Unfortunately, these studies are limited. Bovine alveolar 
macrophages (BAM) were challenged with wild type (wt) and LKT-deficient (lkt-) M. 
haemolytica at the concentration of 1 bacterium per BAM. The effects on macrophage 
function were measured by quantifying the cytokine response using ELISA and real-time 
RT-PCR. Increased protein secretion of TNFα and IL-10 was observed in the supernatant 
obtained from BAM-challenged with lkt- strain compared to wt-challenged BAM. 
Similarly, using real-time RT-PCR, increased mRNA expression of cytokines TNFα, IL-
1ß, IL-8, IL-10 and IL-12 was observed in lkt- strain-challenged BAM compared to the 
wt-challenged BAM. An overall significant effect for all cytokines combined together 
was observed between the two groups, but significant differences were not observed 
between the two groups for individual cytokines. BAM challenged with wt strain 
exhibited, in average, 43% more cytotoxicity, quantified using MTT assay, than lkt- -
challenged BAM (p < 0.01) indicating cell-cytotoxicity plays a role in decreased cytokine 
responses in wt-challenged BAM compared to lkt- -challenged BAM in vitro. These 
results suggest that multiple cytokines are involved and that virulence factors other than 
LKT play an important role in the pathogenesis of shipping fever. 
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Introduction 
 
Mannheimia haemolytica is the major cause of fibrinous and necrotizing 
bronchopneumonia of cattle termed bovine pneumonic pasteurellosis (BPP) or shipping 
fever. BPP has a significant economic impact costing more than $ 1 billion annually to 
the US cattle industry alone. [1] Despite improved management practices and extensive 
use of vaccination programs, BPP continues to be a major cause of losses in feedlot cattle 
[2]. Several virulence factors of M. haemolytica promote host-pathogen interactions by 
helping the bacterial colonization of cattle lungs and subsequently the development of 
pneumonia. Leukotoxin (LKT) and lipopolysaccharide (LPS) are two critically important 
virulence factors and their roles in the pathogenesis of shipping fever are well 
documented [3]. Other virulence factors with less documented pathogenic roles include 
capsule, fimbriae, iron-regulated proteins, outer membrane proteins, neuraminidase, and a 
neutral glycoprotease [3, 4].  
Since its initial discovery, LKT has been subject of intense investigation relative to its 
role in the pathogenesis of shipping fever. LKT follows a ruminant species-specific, 
dose-dependent activation-inhibition paradox on bovine leucocytes [5, 6]. At low 
concentrations, LKT activates neutrophils and macrophages resulting in respiratory burst, 
degranulation, cytokine release from macrophages, reduced lymphoblastogenesis, and 
histamine release from mast cells[5, 7].  At high concentration, LKT stimulates cells to 
undergo apoptosis whereas at highest concentration, LKT causes the formation of 
transmembrane pores and subsequent cell necrosis [8-10].  
 
Most of the knowledge that has been generated about the role of LKT and LPS in 
the pathogenesis of shipping fever comes from limited in vivo and in vitro studies using 
purified or partially purified LKT alone or in combination with LPS [11, 12]. Because 
LKT and LPS functionally interact and exhibit synergism, their roles are better 
understood when used in conjunction with each other[13]. Results obtained from in vivo 
studies indicate that inoculation of calves with a LKT-deficient mutant M. haemolytica 
cause a decreased mortality and lung lesions compared to the calves challenged with the 
wild-type strain [14, 15]. Multiple cytokines are involved in the pathogenesis of shipping 
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fever and it is possible that altered pulmonary cytokine responses are responsible for the 
reduced virulence of LKT-deficient mutant M. haemolytica. A comprehensive 
understanding of cytokines expression would enable better assessment of the roles 
cytokines play. Multiple studies support the role of cytokines in the pathogenesis of 
BPP[16]. We identified cytokines TNFα, IL-1ß, IL-6 and IL-8 because these are 
pleiotropic proinflammatory molecules produced by a variety of cells and play significant 
role in innate immunity[16, 17]. The cytokines IL-10 and IL-12 were selected for 
measurement because they are involved principally in regulating adaptive immune 
response.  
 
We investigated the role of LKT in modulating cytokine gene and protein 
expression in bovine alveolar macrophages (BAM) by using isogenic LKT-deficient (lkt-) 
and wild type (wt) M. haemolytica strains. Our hypothesis was that the modulation of 
cytokine mRNA response observed in the acute and adaptive phase in BAM is modulated 
by LKT. The wt strain was isolated from a pneumonic bovine lung, and isogenic lkt- 
strain was previously prepared by the allelic replacement of the entire lktA and partial 
lktC gene with beta-lactamase enzyme gene[18]. Western blot data supported that no 
LKT was produced by lkt-  M. haemolytica [18]. Additionally, in contrast to the wt strain, 
no zone of peripheral hemolysis was associated with the colonies of lkt- strain on sheep 
blood agar [18]. The objective of this study was to evaluate the effect of LKT on cytokine 
mRNA expression in BAM following in vitro challenge with wt and lkt- strain M. 
haemolytica. We used BAM because they represent the front line of host defense against 
inhaled microorganisms that reach the lung, regulate the early inflammatory response 
including infiltration of neutrophils, and serve as a link between innate and adaptive 
immunity [19].
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Material and methods 
a. Alveolar macrophage collection and preparation 
Multiple lungs were obtained from freshly euthanized animals from the slaughter house. 
All lung lobes were lavaged with 1 L total normal saline containing 4% fetal bovine 
serum (FBS) and 1% penicillin-streptomycin and amphotericin B (Cambrex, 
Walkersville, MD, USA) using an endotracheal tube. Retrieval volume average 500-600 
mL per lung. The lavage fluid was immediately delivered to the laboratory on ice for 
BAM isolation. The recovered bronchiolar alveolar lavage (BAL) fluid was pelleted and 
washed twice at 500 x g for 7 minutes with 20 ml of phosphate buffer saline (PBS). The 
washed pellet was resuspended in 3 ml RPMI-1640 media (Hyclone, Hyq RPMI-1640) 
enriched with 10% FBS, 1% L glutamine, 1% HEPES, 1% sodium bicarbonate, and 
10,000 IU/ml penicillin-streptomycin media and viable cells counted using a 
hemocytometer by Trypan blue exclusion method. Subsequently, 2 ml of 2.5 x 106 
BAM/ml/well were incubated at 37ºC in a 6 well plate for 3 hours. Non-adherent cells 
were removed after 3 hours by changing the medium and gently washing the cells. The 
cells were further incubated for 36-40 hours prior to challenge. Medium was changed 
once every 24 hours without disturbing the cells. The adherent cell population of BAL 
consisted of approximately 95%-100% BAM as observed based on their morphology. 
Following 36-40 hour incubation, BAM were challenged with 2 ml of enriched RPMI, 
without penicillin-streptomycin, containing 2.5 x 106 wt and lkt- -strain/ml. The 
supernatant was harvested at 0, 1,2,4,6,8,12, and 24 hours post incubation and stored at -
20 ◦C for further use.  
b. Bacterial inoculum   
Both wt and lkt- M. haemolytica cultures had nearly identical growth curves and were 
prepared similarly. Briefly, bacteria were grown overnight on brain heart infusion (BHI) 
agar containing 5% sheep blood (Hardy Diagnostics, Santa Maria, CA) with and without 
ampicillin (10ug/ml) for lkt--  and wt cultures, respectively. Multiple colonies were 
subsequently transferred to 150 ml of BHI broth and incubated for 6 hours at 37ºC at 70 
oscillations per minute (opm). The broth culture was centrifuged twice at 8000 x g for 15 
minutes. The bacterial pellet was washed with 10 ml PBS. After a second centrifugation, 
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the pellet was resuspended in RPMI media or PBS and the concentration was quantified 
using spectrophotometer (Pharmacia, Ultraspec 2000, Haverhill, MA). In our previous 
experiments, the OD of 0.65-0.72 at 650 nm corresponded to 109 cfu/ml[20]. The exact 
concentration of the viable bacterial suspension was subsequently confirmed by standard 
colony count at various dilutions on BHI blood agar. 
 
c. Leukotoxin production and partial purification: Both wt and lkt- strains were grown 
on BHI supplemented with 5% sheep blood agar. A single colony was suspended in BHI 
broth and incubated overnight at 37ºC in a shaking incubator at 160 opm. The culture was 
subsequently resuspended in 1L RPMI 1640 (R7509 Sigma) and incubated at 37ºC at 160 
opm. The culture was centrifuged at 3800 x g for 20 minutes. The supernatant obtained 
was filtered using 0.2 µm filters (Fisher 167-0020). The concentrate was repeatedly 
centrifuged (Millipore, Amicon ultra-15) at 2000 x g for 15 minutes.   The culture 
supernatant containing semi purified LKT was aliquoted and stored at -86°C for further 
use in western blot.  
 
d. Western blot: To verify the authenticity of the lkt- strain, a western blot was 
performed as described previously [18]. Briefly, 500 µl of final buffer mix (containing 
10% glycerol, 2.5 % SDS, and 0.1% bromophenol blue) was added to an equal volume of 
semi purified LKT concentrate and boiled for 5 minutes. Twenty µl of heated LKT 
concentrate was loaded on a 10% polyacrylamide gel, electrophoresed and transferred to 
nitrocellulose membranes. The membrane was blocked, washed and probed with a non-
neutralizing anti-LKT monoclonal antibody (MM 605 kindly provided by Dr. S. 
Srikumaran, Washington state University, Pullman, Washington) at 37ºC for 1 hour. The 
blot was finally washed and probed with alkaline phosphatase conjugated secondary anti-
murine antibody at 37ºC for 1 hour and visualized using BCIP (5-bromo-4-chloro-3-
indolyl phosphate) and NBT (nitro blue tetrazolium).   
 
e. Bacterial concentration: Bovine alveolar macrophages challenged with M. 
haemolytica are activated at low dose whereas cytotoxicity is observed at higher dose; 
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therefore, a pilot experiment was conducted to determine the optimum concentration of 
bacteria required to challenge BAM [5]. Different concentrations of bacteria per cell (0.1 
bacteria/cell, 1 bacterium/cell, 10 bacteria/cell, and 100 bacteria/cell) stimulated BAM to 
produce similar concentration of TNFα protein in the cell culture medium (data not 
shown). Based on these results, concentration of 1 bacterium per macrophage was used to 
challenge BAM. 
f. Real-time RT-PCR: mRNA expression of multiple cytokines was determined by real 
time PCR. Briefly, the total RNA was extracted using the guanidine thiocyanate 
technique as described previously[21] and cDNA was generated by utilizing reverse 
transcriptase kit (QuantiTect Rev. Transcription Kit, Qiagen).  Briefly, RNAstat-60 (Tel-
Test B, Friendswood, TX) was added to the pelleted cells and the cells lysed by pipetting 
up and down multiple times. The RNA was subsequently isolated according to the kits 
instructions, measured with spectrophotometer, and adjusted to 0.1 µg/µl with Diethyl 
pyrocarbonate (DEPC) treated water. Real-time RT-PCRs were performed in individual 
500 µl Eppendorf tubes containing  12.5 µl of 1x TaqMan Universal PCR master mix, 
1.5 µM each primer, 10 µl water,  and 2·0 µl sample cDNA in a final volume of 26 µl. 
PCR amplification and detection were performed on an ABI Prism 7000 Sequence 
Detection System using the following cycling conditions: 50 °C for 2 min, 95 °C for 
10 min and 40 cycles of 94 °C for 15 sec, 55°C for 30 sec, and 72 °C for 30 sec. All RT-
PCRs were carried out in duplicate with appropriate controls run on each plate. Bovine 
beta actin mRNA was used as endogenous reference mRNA. The sequences of primers 
used in this study were previously published[22].  The geometric mean was calculated as 
[(ct value of a cytokine from a treated group – ct value of actin from that treated group) – 
(ct value that cytokine from untreated group – ct value of actin from untreated group).  
g. Cytotoxicity assay: The susceptibility of the BAM to M. haemolytica LKT-mediated 
cytolysis was determined by a previously described cytotoxicity assay using Thiazolyl 
Blue Tetrazolium Bromide (MTT, Sigma, St Louis, MO, USA). Briefly, 100 µl of 2.5 x 
106 BAM/ml were incubated with the same number of wt and lkt- strain in a 96-well flat 
bottom microtiter plate. Following incubation, the culture plate was centrifuged at 2000 
rpm for 10 minutes. The supernatant was removed and cells were incubated with 200 µl 
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of RPMI media enriched with antibiotics for 1 hour. The microtiter plate was centrifuged 
at 2000 rpm for 10 minutes. Following removal of supernatant, 100 µl of RPMI and 20 µl 
of MTT solutions were added to each well. The plate was then incubated on slow shaker 
at 37ºC for 2-3 hours. Following incubation plate was centrifuged again at 6000 xg for 10 
minutes and the supernatant was removed by pipetting. The MTT crystals were dissolved 
in 150 µl of isopropanol by repeated gentle pipetting.  Absorbance was determined using 
microplate reader at 450 nm. The percent cytotoxicity was calculated as [1-(optical 
density of cells incubated with M. haemolytica/optical density of cells not incubated with 
M. haemolytica)] x 100.  
h. ELISAs: A TNFα ELISA kit (Endogen, Bovine TNF-alpha screening set, Rockford, 
IL, USA) was used according to the manufacturer’s instructions. ELISA for IL-10 was 
performed as previously described [25]. ELISA kits for other bovine cytokines are not 
available.  
g. Data analysis: Mixed linear models were used to perform the hypothesis testing. 
Hurvich and Tsai's Criterion (AICC) [23] was used to select the best model to fit the 
observed data. Kenward-Roger method was applied to adjust for small sample size[24]. 
Logarithm transformation was applied on cytokine mRNA expression and the present 
standard errors for mRNA expression were in logarithm transformed scales.  
 
Results 
1. LKT-deficient  M. haemolytica did not produce LKT  
The monoclonal antibody (MM 605) recognized the 102 kDa LKT band and associated 
fragmented bands in the supernatant obtained from the culture of wt M. haemolytica, 
whereas a similar band was not detected in the culture supernatant obtained from lkt-  M. 
haemolytica (Fig. 1). Moreover, the growth of the wt strain on 5% sheep blood agar was 
accompanied by a definite zone of hemolysis surrounding the colonies, whereas no zone 
of hemolysis was associated with the growth of lkt- strain (data not shown). 
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2. LKT-deficient  M. haemolytica induced increased cytokine protein secretion 
from bovine alveolar macrophages  
Bovine alveolar macrophages challenged with lkt- -strain produced increased quantities of 
TNFα (p < 0.001) and IL-10 (p = 0.002) protein in the culture supernatant compared to 
the wt strain. The IL-10 protein was detected in the supernatant obtained from lkt- -
challenged BAM starting at 1 hour (mean = 0.034 pg/ml; standard error (SE) = 0.017) 
post-challenge, it increased until 8 hours (mean = 0.114 pg/ml; SE = 0.018), and then 
peaked at 12 hours (mean = 0.300 pg/ml; SE = 0.231), whereas no significant (p = 0.500) 
amount of IL-10 protein was detected in the culture supernatant obtained from wt-
challenged BAM (Fig. 2). Significant amount of TNFα protein was demonstrated in the 
culture supernatant soon after challenge of BAM with both wt and lkt- strains (p = 0.024 
and < 0.001, respectively). TNFα protein peaked at 4 hours (mean = 411 pg/ml; SE = 99) 
in lkt- -challenged BAM (Fig. 3). In wt-challenged BAM TNFα protein peaked at 8 hours 
(mean = 178 pg/ml; SE = 73) and returned to base level by 24 hours (Fig. 3). The 
difference in the mean concentrations of TNFα protein was 145 pg/ml (95% confidence 
interval: 64-227) in the supernatant obtained from BAM challenged with lkt – compared 
to wt strain. 
3. LKT-deficient M. haemolytica induced higher cytokine mRNA expression in 
BAM  
A. Marked differences in the mRNA expression of various cytokines were observed 
in lkt- -challenged BAM compared to wt strain challenged BAM (p = 0.020). Both lkt- and 
wt challenged BAM had significant increases in TNFα mRNA expression (p = 0.002 and 
0.018, respectively (Fig. 4). No significant difference (p = 0.219) in TNFα mRNA 
expression was observed between lkt—challenged BAM and wt- challenged BAM. A 
bimodal expression of the TNFα mRNA was seen in both wt and lkt—challenged BAM. 
An increased mRNA expression, in both lkt- - and wt-challenged BAM, was seen at 1 
hour (mean = 28.8; SE = 0.8), which peaked at 2 hours (mean = 57.0; SE = 1.2), declined 
at 6 hours and peaked again at 12 hours (mean = 82.5; SE = 0.8) (Fig. 4).  The TNFα 
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mRNA expression in BAM challenged with both wt and lkt-strains returned near basal 
level by 24 hours (Fig. 4).  
B. IL-1ß mRNA expression- Both lkt- and wt challenged BAM had significant 
increases in IL-1β mRNA expression (p = 0.006 and 0.035, respectively). In lkt--
challenged BAM, an average of 7.4-fold increased (SE = 0.6) mRNA expression was 
seen at 2 hours followed by a decline by 6 hours and subsequent rapid increase at 12 
hours (mean = 24.9; SE = 1.3). A similar but less substantial pattern of increase in mRNA 
expression was observed in wt-challenged BAM.  The fold increase peaked (mean = 7.8; 
SE = 0.4) by 12 hours (Fig. 5). No significant difference in IL-1ß mRNA expression was 
observed between wt and lkt—challenged BAM (p = 0.408). 
C. IL-8 mRNA- Both lkt- and wt challenged BAM had significant increases in IL-8 
mRNA expression (p <0.001). A biphasic expression reaching a peak by 2 hours (mean = 
10.5; SE = 0.5) and again by 12 hours (mean = 24.0; SE = 1.3) was observed in lkt- 
challenged BAM.  In contrast, a steady and less substantial increase expression of IL- 8 
mRNA was seen in wt-challenged BAM (Fig 6). No significant difference in IL-1ß 
mRNA expression was observed between wt and lkt—challenged BAM (p = 0.333). 
D. The pattern and fold-increase in IL-10 mRNA expression were similar between 
lkt- and wt-challenged BAM (p = 0.512).  Both lkt- and wt-challenged BAM had 
significant increases in IL-10 mRNA (p <0.001), which peaked at 2 hours with a mean 
fold increase of 18.3-fold (SE = 0.1) and 7.4-fold (SE = 0.5), respectively (Fig. 7). 
Somewhat similar unimodal kinetics of IL-12 mRNA was observed. Nearly no increase 
in IL-12 mRNA expression was observed besides a 37.5-fold (SE = 1.3) increased 
expression at 8 hours in lkt--challenged BAM. No significant increase (p = 0.431)) in IL-
12 mRNA expression was observed during the 24-hour period in wt-challenged BAM 
(Fig. 8). Similar to the patterns of IL-10 and IL-12 cytokines, a single peak of 14.2-fold 
(SE = 0.9) increase in IL-6 mRNA expression was observed at 2 hours in lkt--challenged 
BAM. Again, no significant increase (p = 0.128) in IL-6 mRNA expression was observed 
in wt-challenged BAM during the 24-hour period (Fig 9).  
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4. M. haemolytica LKT causes cell cytotoxicity 
BAM challenged with wt strain exhibited, in average, 43% more cytotoxicity than lkt- -
challenged BAM (p < 0.01) indicating cell-cytotoxicity plays a role in decreasing 
cytokine production  by wt-challenged BAM compared to lkt- -challenged BAM. 5-20% 
cytotoxicity was observed in lkt--challenged BAM. Five percent (SE = 1.3%) and 45% 
(SE = 7.8%) cytotoxicity was observed in lkt-- and wt-challenged BAM after 1 hour 
incubation, respectively. After 2 hours of incubation, 19% (SE = 3.9%) and 57% (SE = 
2.6%) cytotoxicity was observed in lkt-- and wt-challenged BAM, respectively. The 
cytotoxicity of BAM increased to 71% (SE = 7.0%) and 20% (SE = 5.0%) following 6 
hour incubation with wt and lkt—strain (Fig. 10). On average, wt-challenged BAM 
exhibited 43% more cytotoxicity than lkt--challenged BAM (p < 0.001). 
Discussion 
Various virulence factors are associated with M. haemolytica, among these LKT and  
LPS are two critical virulence factors that play significant roles in the pathogenesis of 
shipping fever [3].2 Though, the virulence of these two factors is well-documented 
through multiple in vitro studies using purified LPS and/or LKT, studies using whole 
bacteria containing all virulence factors, are limited [7, 26, 27]. We challenged BAM 
with the wt and lkt- M. haemolytica at the concentration of 1 bacterium per macrophage. 
The effects on macrophage function were measured by quantifying cytokine response 
using ELISA and RT-PCR. The results presented in this study demonstrate that M. 
haemolytica, presumably, through the use of multiple virulence factors has a powerful 
and selective effect on the induction of cytokine mRNA synthesis by BAM.  
Bovine alveolar macrophages when challenged with lkt- strain produced significantly 
increased quantities of TNFα and IL-10 proteins compared to BAM challenged with the 
wt strain. A similar trend in mRNA expression of proinflammatory (TNFα, IL-8, and IL-
1ß) and regulatory cytokines (IL-10 and IL-12) was observed. Though, an overall effect 
including all cytokines together was statistically significant between the two groups, no 
significant difference was observed between two groups for individual cytokines. The 
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cause for this difference in mRNA expression was, most-likely, cell cytotoxicity induced 
by LKT because BAM challenged with the wt strain at the concentration of 1 bacterium 
per cell exhibited, on average, 43% more cytotoxicity than lkt--challenged BAM. LKT is 
involved in down-regulation of MHC-II expression on bovine monocytes [28]; however, 
it is not known whether it exhibits similar effect on cytokines which may be an 
alternative explanation for decreased cytokine expression in lkt-- challenged BAM.  LPS 
can induce apoptosis and can enhance the cytotoxic effects of LKT[29]. It seems highly 
unlikely that the difference in cytokine mRNA expression we demonstrated could be 
related to altered LPS composition in lkt- strain. Murphy et al., did not observe any 
alteration in LPS in this lkt- strain which suggest that altered LPS composition in this 
strain is not responsible for the difference in observed cytokine mRNA expression 
pattern[30]. The results presented in this study also support previous findings that 
multiple cytokines are involved and in the pathogenesis of shipping fever [13].   
In most mammalian models, TNFα, IL-1ß, and IL-8 are central components of a complex 
cytokine network that initiates, amplifies, and sustains the inflammatory response in 
tissue[16]. The results obtained from our research support previous studies in that 
multiple cytokines contribute to the pneumonia induced by M. haemolytica [16, 17, 31]. 
Tumor necrosis factor-alpha is a proinflammatory cytokine and its expression in the early 
stages of pneumonia induced by M. haemolytica has been reported[13, 31, 33]. On the 
other hand, IL-10 is a regulatory anti-inflammatory cytokine and is expected to play a 
role in resolving stage of pneumonia. The principal routine function of IL-10 appears to 
be to limit and ultimately terminate inflammatory responses. It is recognized for its 
ability to inhibit activation and effector function of T cells, monocytes, and macrophages 
and to regulate growth and/or differentiation of B cells, NK cells, cytotoxic and helper T 
cells, granulocytes, and endothelial cells[33]. We observed a significant amount of TNFα 
protein in the supernatant obtained from BAM soon after challenge with both lkt- and wt 
strains whereas minimal IL-10 protein was detected in the supernatant during that phase. 
However, the highest concentration of IL-10 protein was observed at 12 hours after 
challenge, which was followed by a decline in the TNFα protein and IL-1ß, IL-6, and IL- 
12 mRNA suggesting that cytokine IL-10 may be involved in regulation of these 
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cytokines. Kinetics of cytokine IL-10 and IL-12 mRNA expression in BAM challenged 
with M. haemolytica have not been previously reported. Interestingly, expression of IL-
12 mRNA was observed in BAM starting 6 hours after challenge with lkt- strain but only 
mild expression was observed in BAM challenged with wt strain suggesting that in 
addition to the induction of cell cytotoxicity, LKT may be involved in down regulation of 
IL-12 and other cytokine mRNA expression. 
Morphologically, M. haemolytica induced pneumonia is characterized by severe 
pulmonary necrosis which is attributed to the influx of neutrophil and subsequent release 
of reactive oxygen and nitrogen radicals and lysosomal enzymes due to cell cytotoxicity 
induced by LKT[7]. IL-8 is a major chemoattractant cytokine for neutrophils which can 
also activate these cells to undergo oxidative burst. As expected, we demonstrated mRNA 
expression of IL-8 in BAM challenged with both lkt-- and wt strain indicating LPS 
induced production of IL- 8.  A similar pattern for IL-8 mRNA expression in BAM 
challenged with purified LKT and LPS has been reported earlier by Lafleur et al., 
2001[13]. Taken together, these results support the previous study where an increased 
quantities of IL-8 was observed in M. haemolytica induced pulmonary lesions suggesting 
that IL-8 could be a major neutrophilic chemoattractant cytokine for neutrophils in 
BPP[34].  
Both LPS and LKT molecules of M. haemolytica can activate bovine leukocytes to 
produce proinflammatory cytokines[31]. Although, LKT is considered to play a critical 
role in inducing the typical pulmonary damage seen in BPP, we demonstrated expression 
of proinflammatory cytokines in both lkt- and wt-challenged BAM. These results in 
conjunction with similar results obtained from other studies suggest that LPS and other 
virulence factors play an important role in inducing pulmonary pathology [31, 35].  This 
speculation is further supported by the study conducted by Whitely et al., (1990) who 
demonstrated LPS localization within the cytoplasm of neutrophils, alveolar 
macrophages, endothelial cells, pulmonary intravascular macrophages, and on epithelial 
cell surfaces whereas LKT was associated with cell membranes of degenerating 
inflammatory cells located in the alveolus [36].  
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In an experimentally infected calf model of pneumonic pasteurellosis Highlander et al., 
(2000) and Tatum et al., (1998)  demonstrated reduction in the clinical and lung lesion 
scores by using lkt— mutant M. haemolytica. These mutants were created by mutation on 
lktA and lktC genes of LKT. lktC encodes a transacylase that post-translationally modifies 
the inactive pro-LKT A to biologically active LKT whereas lktA encodes the inactive 
pro-LKT A. Reduced pulmonary lesions characterized by a reduction in necrosis and 
number of degenerate neutrophils were observed histologically[14, 15]. Unfortunately, 
cytokine evaluation was not performed in any study [4, 15]. The molecular basis 
underlying the difference in the lung lesions and attenuation of the virulence in lkt- 
mutated M. haemolytica could be associated with the increased expression of cytokine 
IL-10 in lkt- challenged BAM and subsequent reduction in the concentration of cytokines 
in lungs of calves challenged with lkt- mutated M. haemolytica compared to wt-strain. It 
is also possible that the lkt- challenged BAM survive long enough to reduce the 
inflammation through the effects mediated by elevated IL-10.  IL- 10 is a regulatory 
cytokine that can be produced by macrophages, lymphocytes, dendritic cells and 
epithelial cells. It has predominantly antiinflammatory and immunosuppressive down-
regulating effects on both innate and adaptive immune response. It suppresses the 
antigen-presenting functions of macrophages by down regulating MHC II, costimulatory 
molecules and inhibits IL- 12 production, which in turn inhibit the effective generation 
and/or maintenance of antigen-specific Th1 cells [33, 37]. 
In conclusion, we observed an overall increased mRNA expression of various cytokines 
TNFα, IL-1ß, IL-8, IL-10 and IL-12 when BAM were challenged with lkt- strain 
compared to the wt strain. LKT induced cell cytotoxicity was observed in BAM which 
suggest that the difference in cytokine mRNA expression is due to cell cytotoxicity and 
cytokine expression is mediated by LPS or other virulence factors. The results presented 
in this study support previous findings that multiple cytokines are involved and that 
virulence factors other than LKT play important role in the pathogenesis of shipping 
fever [13].  
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Fig. 1. Western blot of cell culture supernatant obtained from lkt-- (lane 1), wt - (lane 2) 
and previously confirmed reference wt- (lane 3) M. haemolytica probed with anti-
leukotoxin monoclonal antibody (MM 605). Lanes 2 and 3 contain 102 kDa LKT 
band along with the disintegrated fragments of LKT no such band is visible in lane 
1.  
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Fig.2.  IL-10 protein secretion by BAM. BAM (5 x 106/ well) were cultured in 6-well 
plates in 2 ml RPMI and stimulated with wild type (wt) and lkt-- M. haemolytica 
at 1:1 cell ratio. Tissue culture supernatant was harvested at the indicated time 
points and assayed for the presence of IL 10 protein using ELISA. Data are the 
means of samples obtained from 3 different animals. **: p < 0.01 comparing lkt—
strain to wt strain at a particular time point. 
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 Fig.3. TNFα protein secretion by BAM. BAM (5 x 106/ well) were cultured in 6-well 
plates in 2 ml RPMI and stimulated with wild type (wt) and lkt-- M. haemolytica 
at 1:1 cell ratio. Tissue culture supernatant was harvested at the indicated time 
points and assayed for the presence of TNFα protein using ELISA. Data are the 
means of samples obtained from 3 different animals. **: p<0.01 comparing lkt—
strain to wt strain at a particular time point 
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Fig. 4.  Kinetics of TNFα mRNA production by BAM. BAM (5 x 106/ well) were 
cultured in 6-well plates in 2 ml RPMI and stimulated with wild type and lkt-- M. 
haemolytica at 1:1 cell ratio. BAM were harvested at the indicated time points and 
assayed for the presence of TNFα mRNA using RT-PCR. mRNA expression data 
were normalized to the expression of ß-actin mRNA and the accumulation of 
cytokine mRNA was expressed as fold increase. Data are the geometric means of 
samples obtained from 4 different animals. 
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Fig. 5.  Kinetics of IL-1ß mRNA production by BAM. BAM (5 x 106/ well) were cultured 
in 6 well plate in 2 ml RPMI and stimulated with wt and lkt-- M. haemolytica at 
1:1 cell ratio. BAM were harvested at the indicated time points and assayed for 
the presence of TNFα mRNA using RT-PCR. mRNA expression data were 
normalized to the expression of ß-actin mRNA and the accumulation of cytokine 
mRNA was expressed as fold increase. Data are the means ± SEM of samples 
obtained from 3 different animals. 
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Fig. 6.  Kinetics of IL 8 mRNA production by BAM. BAM (5 x 106/ well) were cultured 
in 6-well plates in 2 ml RPMI and stimulated with wild type and lkt-- M. 
haemolytica at 1:1 cell ratio. BAM were harvested at the indicated time points and 
assayed for the presence of IL 8 mRNA using RT-PCR. mRNA expression data 
were normalized to the expression of ß-actin mRNA and the accumulation of 
cytokine mRNA was expressed as fold increase. Data are the geometric means of 
samples obtained from 3 different animals. 
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Fig. 7. Kinetics of IL 10 mRNA production by BAM. BAM (5 x 106/ well) were cultured 
in 6 well plate in 2 ml RPMI and stimulated with wt and lkt-- M. haemolytica at 1:1 cell 
ratio. BAM were harvested at the indicated time points and assayed for the presence of 
TNFα mRNA using RT-PCR. MRNA expression data were normalized to the expression 
of ß-actin mRNA and the accumulation of cytokine mRNA was expressed as fold 
increase. Data are the geometric means of samples obtained from 3 different animals. 
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Fig.8.  Kinetics of IL 12 mRNA production by BAM. BAM (5 x 106/ well) were cultured 
in 6 well plate in 2 ml RPMI and stimulated with wt and lkt-- M. haemolytica at 
1:1 cell ratio. BAM were harvested at the indicated time points and assayed for 
the presence of TNFα mRNA using RT-PCR. mRNA expression data were 
normalized to the expression of ß-actin mRNA and the accumulation of cytokine 
mRNA was expressed as fold increase. Data are the geometric means of samples 
obtained from 3 different animals. 
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Fig. 9. Kinetics of IL 6 mRNA production by BAM. BAM (5 x 106/ well) were cultured 
in 6 well plate in 2 ml RPMI and challenged with wt and lkt-- M. haemolytica at 
1:1 cell ratio. BAM were harvested at the indicated time points and assayed for 
the presence of TNFα mRNA using RT-PCR. mRNA expression data were 
normalized to the expression of ß-actin mRNA and the accumulation of cytokine 
mRNA was expressed as fold increase. Data are the geometric means of samples 
obtained from 3 different animals. 
 
 64 
0.0
10.0
20.0
30.0
40.0
50.0
60.0
70.0
80.0
0 1 2 3 4 5 6 7
Time Incubation (Hours)
Pe
rc
en
t c
yt
ot
ox
ic
ity
 
LKT Mutant M. haemolytica
Wild type M. haemolytica
 
 
 
Fig. 10. Percent cytotoxicity for bovine alveolar macrophages challenged with lkt-- and 
wild type (wt)-strains of M. haemolytica. Data are the means of the samples 
obtained from 3 different animals. Cytotoxicity was quantified using the 
Thiazolyl Blue Tetrazolium Bromide assay at 1, 2, and 6 hours after incubation. 
An error reading for wt-challenged group at 6 hour was excluded from the data 
analysis. **: p < 0.01.   
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CHAPTER IV 
Cytokine evaluation of inflammatory cells in calves challenged with the wild type 
and leukotoxin deficient Mannheimia haemolytica 
 
K. Singh, A. W. Confer, D. L. Step, T. Rizzi, J. H. Wyckoff III, and J. W. Ritchey.  
 
Leukotoxin (LKT) and lipopolysaccharide (LPS) are important virulence factors 
associated with Mannheimia haemolytica. LKT is an exotoxin specific for ruminant 
leukocytes bearing β2 integrin receptor and exhibits dose-dependent effects on bovine 
leukocytes ranging from activation to cell cytotoxicity.  Role of LKT in the pathogenesis 
of shipping fever is documented by multiple in vitro studies and limited in vivo studies. 
The results of these in vivo experiments are diverse. The objective of this study is to 
document the role of LKT in modulating cytokine response in lungs of calves challenged 
with LKT deficient (lkt-) and wild-type (wt) M. haemolytica.  Thirty-six calves, 
seronegative to LKT and M. haemolytica whole cell antigen were divided among three 
groups (I-III). Group I and Group II calves were challenged intratracheally with 25 ml 
PBS containing 0.44 x 109 cfu/ml lkt- and 25 ml PBS containing 0.31 x 109 cfu/ml of wt 
M. haemolytica, respectively, whereas Group III calves were challenged intratracheally 
with 25 ml sterile PBS. The effects on leukocytes function were measured by quantifying 
the cytokine IL-1β, IL-8, IL-10, IL-12 and TNFα response using ELISA and real-time 
RT-PCR. Clinically, calves challenged with wt-strain exhibited higher mean clinical 
score and one death compared to calves challenged with lkt--strain. The composition of 
bronchioalveolar lavage fluid was variable between the groups. A statistically significant 
difference in the expression level of cytokines was not observed between the groups 
challenged with lkt- and wt-strain. By the end of the experiment, on day 6 post-
inoculation, both Groups I and II calves seroconverted to M. haemolytica. These results 
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suggest that multiple cytokines are involved and that virulence factors other than LKT 
play important role in the pathogenesis of shipping fever. 
 
 
Key words: cytokine, leukotoxin, real-time RT-PCR, Mannheimia haemolytica, shipping 
fever 
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Introduction 
 
Mannheimia haemolytica is the major cause of fibrinous and necrotizing 
pleuropneumonia of cattle termed bovine pneumonic pasteurellosis (BPP) or shipping 
fever. Several virulence factors of M. haemolytica promote host-pathogen interactions by 
assisting the bacterium to colonize cattle lungs and contribute to the development of 
pneumonia. Leukotoxin (LKT) and lipopolysaccharide (LPS) are  critically important 
virulence factors, and their roles in the pathogenesis of shipping fever are well 
documented[1].Other potential virulence factors whose pathogenic roles are less well 
documented include capsule, fimbriae, iron-regulated proteins, outer membrane proteins, 
neuraminidase, and a neutral glycoprotease[1, 2]. 
 
Most of the knowledge that has been generated about the role of LKT and LPS in 
the pathogenesis of shipping fever comes from multiple in vitro studies using purified 
LKT alone or in combination with LPS[3, 4]. Because LKT and LPS exhibit synergism, 
their pathological roles are better understood when used in conjunction with each 
other[5]. In vivo studies using the whole bacterial approach are limited. Only two studies 
with characterized LKT mutations have been conducted so far and the results obtained 
from these studies are diverse [6, 7]. Highlander et al., (2000) and Tatum et al., (1998)  
demonstrated reduction in the clinical and lung lesion scores by using lkt— mutant 
compared to wt-strain of M. haemolytica. Reduced pulmonary lesions characterized by a 
reduction in necrosis and number of degenerate neutrophils were observed 
histologically[6, 7]. The molecular basis underlying the difference in the lung lesions and 
attenuation of the virulence in lkt- mutated M. haemolytica is purely speculative.  
A growing body of evidence implicates inflammatory cytokines in the 
pathogenesis of BPM[5, 8].  Therefore, a comprehensive understanding of cytokines 
expression would enable precise assessment of the roles cytokines play in M. 
haemolytica-challenged calves. Heat-killed M. haemolytica, as well as purified LPS and 
LKT induce the expression of TNFα, IL-1β, and IL-8 genes and proteins in bovine 
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alveolar macrophages in vitro[5, 8] . We identified cytokines TNFα, IL-1ß, and IL-8 
because these are pleiotropic early response proinflammatory molecules produced by a 
variety of cells and play significant roles in innate immunity[8]. The cytokine IL-12 was 
selected for the measurement because it is involved principally in regulating-adaptive 
immune response. The principal routine function of IL-10 appears to be to limit and 
ultimately terminate inflammatory responses[9].  
In the present study, we investigated the role of LKT in modulating cytokine gene 
and protein expression in bovine inflammatory cells obtained from the lungs of calves 
challenged by an isogenic LKT-deficient (lkt- ) and wild type (wt) M. haemolytica strains. 
Our hypothesis was that the modulation of cytokine mRNA response observed in the 
acute and adaptive phase in inflammatory cells is modulated by LKT. The wt strain was 
isolated from a pneumonic bovine lung, and isogenic lkt- strain was prepared by an allelic 
replacement of the entire lktA and partial lktC gene with the beta-lactamase enzyme 
gene[10]. The western blot data supported that LKT was not produced by lkt-  M. 
haemolytica (Singh et al., In press). Additionally, in contrast to the wt strain, no zone of 
peripheral hemolysis was associated with the colonies of the lkt--strain grown on sheep 
blood agar[10].  The objective of this study was to evaluate the effect of LKT on cytokine 
protein and mRNA expression in inflammatory cells obtained from lungs of calves 
following challenge with wt and lkt- strain M. haemolytica.  
 
Material and methods 
 
a.  Bacterial inoculum  
Both wt and lkt- M. haemolytica cultures had nearly identical growth curves and were 
prepared similarly. Briefly, bacteria were grown overnight on brain heart infusion (BHI) 
agar containing 5% sheep blood (Hardy Diagnostics, Santa Maria, CA) without and with 
ampicillin (10ug/ml) for wt and lkt-- cultures, respectively. Multiple colonies were 
subsequently transferred to 150 ml of BHI broth and incubated for 6 hours at 37ºC at 70 
oscillations per minute (opm). The broth culture was centrifuged twice at 8000 x g for 15 
minutes. The bacterial pellet was washed with 10 ml PBS. After a second centrifugation, 
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the pellet was resuspended in RPMI media or PBS and the concentration was quantified 
using spectrophotometer (Pharmacia, Ultraspec 2000, Haverhill, MA). In our previous 
experiments, the OD of 0.72-0.74 at 650 nm corresponded to 109 cfu/ml[11]. The exact 
concentration of the viable bacterial suspension was subsequently confirmed by standard 
colony count at various dilutions on BHI blood agar which was 0.44 x 109 cfu/ml for lkt--
strain and 0.31 x 109 cfu/ml for wt-strain. 
 
 
b.  Leukotoxin production and partial purification: Both wt and lkt- strains were 
grown on BHI supplemented with 5% sheep blood agar. A single colony was suspended 
in BHI broth and incubated overnight at 37ºC in a shaking incubator at 160 opm. The 
culture was subsequently resuspended in 1L RPMI 1640 (R7509 Sigma) and incubated at 
37ºC at 160 opm. The culture was centrifuged at 3800 x g for 20 minutes. The 
supernatant obtained was filtered using 0.2 µ filters (Fisher 167-0020). The concentrate 
was repeatedly centrifuged (Millipore, Amicon ultra-15) at 2000 x g for 15 minutes.   The 
culture supernatant containing semi purified LKT was aliquoted and stored at -86°C for 
further use in western blot.  
 
c. Real-time RT-PCR: mRNA expression of multiple cytokines was determined by 
real time PCR. Briefly, the total RNA was extracted using the guanidine thiocyanate 
technique as described previously [12]and cDNA was generated by utilizing reverse 
transcriptase kit (QuantiTect Rev. Transcription Kit, Qiagen).  RNAstat-60 (Tel-Test B, 
Friendswood, TX) was added to the pelleted cells and the cells lysed by pipetting up and 
down multiple times. The RNA was subsequently isolated according to the kits 
instructions, measured with spectrophotometer, and adjusted to 0.1 µg/µl with Diethyl 
pyrocarbonate (DEPC) treated water. Real-time RT-PCRs were performed in individual 
500 µl Eppendorf tubes containing  12.5 µl of 1x TaqMan Universal PCR master mix, 
1.5 µM each primer, 10 µl water,  and 2·0 µl sample cDNA in a final volume of 26 µl. 
PCR amplification and detection were performed on an ABI Prism 7000 Sequence 
Detection System using the following cycling conditions: 50 °C for 2 min, 95 °C for 
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10 min and 40 cycles of 94 °C for 15 sec, 55°C for 30 sec, and 72 °C for 30 sec. All RT-
PCRs were carried out in duplicate with appropriate controls run on each plate. Bovine 
beta actin mRNA was used as endogenous reference mRNA. The sequences of primers 
used in this study were published [13] previously. The geometric mean was calculated as 
[(ct value of a cytokine from a treated group – ct value of actin from that treated group) – 
(ct value a cytokine from untreated group – ct value of actin from untreated group).  
d.  Virulence study- Thirty-six 140 to 200 kg, mixed-gender, crossbreed calves 
were screened for the presence of anti-LKT and anti-M. haemolytica whole cell antigens 
at day -18 using ELISA as previously described . 17 Calves were selected as having 
minimal antibody concentration to M. haemolytica.  Calves were transported to the test 
site 10 days prior to the experiment trial and were allowed to acclimatize. Calves were 
randomly assigned to Group I-III with 12 calves per group. Group I and Group II calves 
were challenged intratracheally with lkt- and wt M. haemolytica, respectively, whereas 
Group III calves served as control and were challenged with sterile PBS only. Calves 
from the different groups were housed in distantly located individual pens to avoid 
bacterial transfer by aerosol route. On day 0, each calf in Group I and Group II received a 
25 ml of bacterial suspension in PBS containing 0.44 x 109 cfu/ml and 0.31 x 109 cfu/ml 
of lkt- and wt-strain, respectively, delivered intratracheally into the lungs using 
endotracheal tube and followed by a 25 ml PBS flush. Bronchoalveolar lavage (BAL) 
fluid was obtained from each calf on day -4, 1, 3 and 6 using 180 ml of sterile PBS via an 
endotracheal tube. The BAL was collected in 50 ml tubes containing 1% penicillin-
streptomycin and amphotericin B (Cambrex, Walkersville, MD, USA) and was brought 
to laboratory on ice for cell isolation. The tubes containing BAL were centrifuged at 2000 
rpm for 7 minutes. Five hundred-ul of supernatant was collected for ELISA. The 
remaining supernatant was discarded. The cell pallet was gently washed in 10 ml PBS 
and centrifuged again in 15 ml PBS at 500 x g for 7 minutes. The pellet obtained was 
resuspended in 1 ml RNA stat solution. Following challenge, the calves were clinically 
evaluated daily starting at day -1 until day 6 post-inoculation (PI). The clinical scoring 
system was based on a nonparametric scale[7]. A score of 0-4 points each was allotted 
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based on the following conditions: rectal temperature above 39C; depression; dyspnea or 
respiratory rate ≥ 60/min. The mean clinical score for each group was calculated.  
e.  Serum antibody responses to M. haemolytica antigens: Serum IgG antibodies 
to M. haemolytica serotype 1 LKT and whole cells (WC) antigens were determined by 
ELISA as previously described with minor modifications[14]. Briefly, LKT was prepared 
as described in section b. For obtaining WC, formalin-killed M. haemolytica was 
prepared from a washed 24 h culture by suspending cells in 0.4% formalinized saline at a 
concentration determined spectrophotometrically to be 1.850 at OD650[15]. Wells of 96-
well polystyrene EIA/RIA microtiter flat bottom high binding plates (COSTAR #9018 
Corning Inc., Corning, NY, USA) were coated with LKT at 50 ng per well and WC. 
Primary antisera were diluted in blocking buffer solution consisting of 1% bovine serum 
albumin and 0.05% Tween-20 in PBS (pH 7.4) and assayed in triplicate. Bound 
antibodies were detected using peroxidase labeled goat monoclonal antibody to bovine 
IgG (H+L). Enzymatic activity was assayed using the color substrate ortho-phenylene 
diamine (Ameresco, 5348-50T).  Optical densities of the wells were read at 650 nm. 
Antibody responses were expressed as nanograms of IgG binding compared to a standard 
immunoglobulin curve. 
f.  ELISA: A TNFα ELISA was performed according to the manufacturer’s 
instructions (Endogen, Bovine TNF-alpha screening set, Rockford, IL, USA).  ELISAs 
for other bovine cytokines were not available.  
Results  
1. LKT deficient M. haemolytica did not secrete LKT  
The monoclonal antibody (MM 605) recognized the 102 kDa LKT band and associated 
breakdown bands in the supernatant obtained from the culture of wt M. haemolytica, 
whereas a similar band was not detected in the culture supernatant obtained from lkt-  M. 
haemolytica  (Singh et al., In press). The growth of the wt strain on 5% sheep blood agar 
was accompanied by a definite zone of hemolysis surrounding the colonies, whereas no 
zone of hemolysis was associated with the growth of lkt- strain (data not shown). 
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Additionally, bovine alveolar macrophages challenged with wt strain exhibited 55-75% 
cytotoxicity compared to challenge with the lkt—strain (Singh et al., In press). 
2. Mean clinical score and rectal temperature:  Group I and Group II calves 
challenged with lkt- and wt strain, respectively, had a higher mean clinical score 
compared to control group calves though out the study. However, the average mean 
clinical score during the first 48 hours was not different in the calves challenged with 
either lkt- or wt strain (Fig. 1).  Starting at day 3 until day 7 PI wt strain-challenged calves 
exhibited slightly higher mean clinical score (p > 0.05) compared to lkt- strain-challenged 
calves (Fig. 1). In contrast to other calves of Group II, calf number 21 developed severe 
clinical signs of dyspnea, cough, depression, high rectal temperature and died within 72 
hours of challenge. At necropsy, characteristic gross and microscopic lesions of 
fibrinonecrotic bronchopneumonia typical of M. haemolytica infection were observed. 
Large numbers of M. haemolytica and small numbers of P. multocida were cultured from 
the pneumonic lung of this calf.   The calves of Group I and Group II had slightly higher 
mean (p > 0.05) rectal temperature starting 1 to 5 day PI when compared to calves of 
Group III (Fig. 2).   
3.  Antibody response of calves to LKT and whole cell antigens of M. 
haemolytica- All calves of Group I – Group III had low anti-LKT and anti-WC 
antibodies concentrations prior to challenge ( days -18 and -4). On day 7 PI, elevated 
levels of anti-LKT and anti-WC antibodies were detected in the sera collected from the 
group I and II calves indicating seroconversion to M. haemolytica antigens (Fig. 3 and 4).   
4.  BAL composition: The BAL fluid composition in all calves prior to challenge 
(Day -4) consisted predominantly of alveolar macrophages (75%-89%) admixed with 
neutrophils (5.7% - 25%), lymphocytes (1.5%-44.9%) and rare eosinophils (Fig. 5-7). 
Following challenge on day 1, BAL fluid from Group III and Group II calves contained 
predominantly neutrophils (61.9% and 55.24%) admixed with macrophages (42.4% and 
36.8%) and small population of lymphocytes (1.3% and 2.1%), and rare eosinophils (Fig. 
5 and 6). In contrast, BAL fluid obtained from Group I calves constituted primarily of 
alveolar macrophages (96%) admixed with rare lymphocytes, neutrophils, and 
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eosinophils on day 1(Fig. 7). The composition of BAL fluid obtained on day 3 from 
Group I and Group II  was 50.9% and 45.8% macrophages, 44.8% and 52.2% neutrophils 
admixed with 4.1% and 1.9% lymphocytes, respectively (Fig. 6 and 7). Composition of 
BAL fluid obtained from all groups on day 7 was comparable to pre-challenge 
composition with predominantly 53.7%-67.4% alveolar macrophages, 28.7% - 38.5% 
neutrophils, 3.02% -10.6% lymphocytes and rare eosinophils (0.09%-0.8%) (Fig. 5-7). 
5.  Quantification of TNFα in the BAL fluid using ELISA – On day -4, 70-80 
pg/ml TNFα protein  was present in the BAL fluid collected from the calves from Group 
I – III. A mild statistically insignificant (p > 0.05) increase to 90-95 pg/ml was observed 
in all groups 24 hours post challenge (day 1). On day 2, the concentration of TNFα 
decreased to 65-69 pg/ml in all groups and stayed in similar range on day 7 except for wt-
challenged calves where a further reduction to 54 pg/ml was observed (Fig. 8) 
 
6. Quantification of cytokine gene expression in cells obtained from BAL fluid 
Real-time PCR was used to analyze mRNA expression of cytokines TNFα, IL-1, IL-8, 
IL-10, and IL-12 in the inflammatory cells obtained from BAL of calves challenged with 
lkt- and wt strain of M. haemolytica.  
a. Proinflammatory cytokines- An increased mRNA expression of proinflammatory 
cytokines IL-1, IL-8, and TNFα was observed on day 1 PI compared to days -4, 3 and 6 
PI except for increased IL-8 expression on day 3 in the inflammatory cells obtained from 
the lungs of Group II calves (Fig. 9). An increased baseline expression of IL-1 mRNA, 
compared to the remaining days 1, 3, and 6 PI, was observed on day -4 (Fig. 10). No 
statistically significant (p > 0.05) difference was found in the expression of 
aforementioned proinflammatory cytokines between Group I and Group II calves. 
b. IL-10 and IL- 12 mRNA expression- We observed 7-fold increased expression of 
IL-10 mRNA on day 1 PI in cells obtained from the lungs of Group I calves compared to 
Group II calves. No significant difference (p > 0.05) was observed within the Group I and 
 74 
Group II calves (Fig. 12). Unexpected increased expression of IL-12 mRNA was present 
at day -4 PI. This increased expression in Group I calves was followed a decline on day 1 
and 3 with slight increased expression again on day 7 PI. In case of Group II calves, 
increased IL-12 expression was followed by a decline on day 1, 3 and 7 PI (Fig. 13). 
Again, no statistically significant differences (p > 0.05) were observed within Group I 
and Group II calves.  
 
Discussion 
Various virulence factors are associated with M. haemolytica, among these LKT 
and LPS are critical virulence factors that play significant roles in the pathogenesis of 
shipping fever.2 The virulence of these factors is well-documented through multiple in 
vitro studies using purified LPS and/or LKT[5, 16, 17]. Unfortunately, studies using 
whole bacteria containing all virulence factors are limited. We intratracheally challenged 
calves with the lkt-  and wt M. haemolytica, following challenge inflammatory cells were 
collected from the BAL obtained on day -4, 1, 3, and 7 PI. The effects on inflammatory 
cell functions were measured by quantifying cytokine response using ELISA and real-
time RT-PCR. A statistically significant difference was not observed in the expression 
level of various cytokines between calves challenged with the wt and lkt- -strain.  
 
Our findings are surprising in that LKT is considered the critical virulence factor 
in M. haemolytica induced pneumonia. In an experimentally infected calf model of 
pneumonic pasteurellosis Highlander et al., (2000) and Tatum et al., (1998)  
demonstrated reduction in the clinical and lung lesion scores by using lkt— mutant M. 
haemolytica. Isogenic LKT-deficient M. haemolytica was constructed by allelic 
replacement of lktA, produced mild clinical signs and decreased virulence in calves[7]. 
Lungs from calves challenged with wt-M. haemolytica contained numerous degenerate 
and streaming neutrophils (oat cells) in alveoli accompanied by fibrin and necrosis. In 
contrast, lungs from calves challenged with LKT A mutant had no degenerate or 
streaming neutrophils[7]. Highlander et al., (2000) created lktC mutant capable of 
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secreting inactive LKT by inserting bacteriophage P1 loxP site within the lktC open 
reading frame. This insertion caused frameshift mutation but did not alter the expression 
of other LKT genes including lktA, lktB, and lktD.  Subsequently, a minimal reduction in 
the gross lung lesions characterized by reduced pleuritis and edema were observed in 
calves challenged intrathoracically with lktC mutant compared to wt-strain. 
Unfortunately, analysis of BAL composition and quantitative cytokine evaluation was not 
performed in these studies. Results obtained from our study may explain the lack of 
significant difference observed in lung lesions of calves challenged with LKT-deficient 
M. haemolytica. Alternatively, the lack of consensus on the ability of LKT-deficient M. 
haemolytica to reduce virulence in vivo could be due to the role of other virulence factors 
in particular LPS. LPS is known to produce similar cytokines response like LKT; 
therefore, it is possible that any potential difference in cytokine production by lkt- - and 
wt-strain in this study was overpowered by the effect of LPS[5]. Our findings suggest 
that although LKT is known to contribute to the pathogenesis of shipping fever, it is not 
the sole virulence factor and other virulence factors likely contribute significantly in the 
pathogenesis the disease. This presumption is supported by previous studies on another 
RTX exotoxin (E. coli hemolysin) which suggest a somewhat controversial role of this 
exotoxin in disease [18, 19]. Collectively, the results obtained from our study reinforce 
the role of other virulence factors in the pathogenesis of shipping fever in particular LPS. 
 
Results from the studies by Highlander et al., (2000) and Tatum et al., (1998) 
indicate that while mutation on lktA created highly attenuated M. haemolytica, mutation 
of lktC only caused mild attenuation of virulence. LKT mutant created by Highlander et 
al., was generated by targeting lktC whereas LKT mutant created by Tatum et al., was 
constructed by allelic replacement of lkt A. lktC encodes a transacylase that post-
translationally modifies the inactive pro-LKT A to biologically active LKT whereas lktA 
encodes the inactive pro-LKT A.  The role of these mutations in the pathogenesis was 
further characterized and results suggest that LKT created by lktA  and lktC mutation are 
not capable of activating neutrophils, inducing IL- 8 expression, and causing 
cytolysis[20]. The lkt- strain used in this study was generated by targeting both lktA and 
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lktC; therefore, it is highly unlikely that LKT secreted by lkt- strain was responsible for 
activating inflammatory cells to produce cytokines.  
 
In our recent in vitro experiment we demonstrated that bovine alveolar 
macrophages (BAM) challenged with similar lkt--strain produced increased quantities of 
TNFα and IL-10 protein in the supernatant compared to wt-challenged BAM. Similarly, 
using real-time RT-PCR, increased mRNA expression of cytokines TNFα, IL-1ß, IL-8, 
IL-10 and IL-12 was observed in lkt- -challenged BAM compared to the wt-challenged 
BAM. This difference in the cytokine production was attributed to cell cytotoxicity 
induced by wt-strain[21]. Though, LKT-induced necrosis was observed histologically in 
the lungs of wt-challenged calf, it is possible that LPS stimulation of inflammatory cells 
overpowered the reduced cytokine expression due to LKT-induced leukocyte cytotoxicity 
[21]. 
 
The migration and activation of neutrophils within diseased lungs are regulated by 
a complex network of interactions between cytokines, leukocytes, vascular endothelium, 
cellular adhesion molecules, and soluble chemotactic factors[8]. Current evidence 
indicates that the proinflammatory cytokines, in particular, IL-8 play a central role in the 
initiation and orchestration of these interactions promoting neutrophil migration at the 
site of injury[22, 23].  Results obtained from in vitro studies using BAM indicate that 
biologically active LKT induce increased expression of IL-8 in these cells compared to 
mutant LKT[20]. The BAL fluid obtained from Group I calves on day 1 PI had less than 
2% neutrophils whereas Groups II calves had predominantly neutrophils. This difference 
in the composition of BAL fluid may be due to the inability of lkt- strain to produce 
biologically active LKT. Decreased neutrophils in pulmonary parenchyma also 
corroborate the reduced pulmonary damage observed in previous in vivo studies using 
LKT mutant M. haemolytica [6, 7].  
 
Interleukin-10 is a multifunctional cytokine with diverse effects on most inflammatory 
cell types. It has predominantly antiinflammatory and immunosuppressive down-
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regulating effects on both innate and adaptive immune response and it ultimately 
terminates inflammatory response. It is recognized for its ability to inhibit activation and 
effector function of T cells, monocytes, and macrophages and to regulate growth and/or 
differentiation of B cells, NK cells, cytotoxic and helper T cells, granulocytes, and 
endothelial cells[9]. It suppresses the antigen-presenting functions of macrophages by 
down regulating MHC II, costimulatory molecules, and inhibits IL- 12 production, which 
in turn inhibit the effective generation and/or maintenance of antigen-specific Th1 
cells[24]. We observed a marked expression of IL-10 mRNA on day 1 PI in cells 
obtained from group I calves (Fig. 12). If the difference exist in the level of cytokines 
generated in vivo by wt and lkt—strain, then these differences could have been masked by 
upregulation of IL-10 in group I. Similarly, increased expression of IL-10 in lkt- 
challenged BAM and subsequent reduction in the concentration of cytokines in lungs of 
calves challenged with lkt- mutated M. haemolytica compared to wt-strain may be the 
molecular basis underlying the difference in the lung lesions and attenuation of the 
virulence in lkt- mutated M. haemolytica[6, 7]. It is also possible that the lkt- challenged 
BAM survive long enough to reduce the inflammation through the effects mediated by 
elevated IL-10. Alternatively, the lack of statistically significant differences in the 
cytokine mRNA expression in calves challenged with lkt— or wt-strain could be due to 
the dose of bacteria used to challenge calves. The dose used in this study selected from a 
previous study in order to demonstrate altered cytokine production by inflammatory cells 
obtained from lungs without inducing mortality[25].  In spite of no statistically 
significant differences in the cytokine production, the wt-challenged calves exhibited 
higher clinical score compared to lkt—-challenged calves. One calf challenged with wt-
strain died after 72 hours of inoculation whereas no mortality was observed in lkt- -
challenged calves. The necropsy on this calf revealed necrotizing bronchopneumonia 
typical of M. haemolytica and large numbers of M. haemolytica were cultured from the 
lung.  
LKT ELISA revealed that calves were seronegative prior to challenge but only 
mild seroconversion to LKT was noted in Group I calves following challenge suggesting 
that no LKT or partial LKT protein was produced by lkt- -strain and hence was not 
 78 
responsible for the results obtained in this study. A slightly elevated LKT titer which was 
observed in lkt- -challenged calves was considered in response to the resident normal 
population of M. haemolytica in the nasopharyngeal region. Mannheimia haemolytica is 
an opportunistic pathogen and shipping fever is a multifacotrial disease in which stress 
and viral predisposition play important role. In the absence of such predisposing factors, 
it is difficult to reproduce disease in experimental conditions [6]. Moreover, though 
intratracheal administration of M. haemolytica has been used extensively to produce 
disease experimentally; it is not a natural method of infection where prior nasopharyngeal 
colonization is essential for production of natural disease.  
In summary, we challenged calves with the wild type and LKT-deficient M. 
haemolytica. Following intratracheal inoculation, inflammatory cells were separated from 
the BAL collected on day -4, 1, 3, and 6. The effects on inflammatory cell functions were 
measured by quantifying cytokine response using ELISA and real-time RT-PCR. Though 
a statistically significant difference was not observed in the expression level of various 
cytokines between calves challenged with the wt and lkt- -strain, wt-strain challenged 
calves exhibited higher clinical score compared to calves challenged with lkt- -strain. The 
results presented in this study also demonstrate that virulence factors other than LKT, in 
particular LPS, play an important role in the disease and through the use of multiple 
virulence factors M. haemolytica has a selective effect on the induction of cytokine 
mRNA synthesis by inflammatory cells. 
 
 
The study was conducted under animal use protocol #182 from the Oklahoma State 
University Institutional Animal Care and Use Committee.
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Fig. 1. The mean clinical scores for calves challenged with wt- and lkt--strain of M. 
haemolytica. Calves challenged with wt-strain exhibit higher clinical score 
           compared to calves challenged with lkt-- strain. 
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Fig. 2 The mean body temperature of calves challenged with wt- and lkt - strain of M. 
haemolytica. 
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Fig. 3 Results of LKT ELISA on serum obtained from calves pre and post- inoculation. 
 
 
 
 
 
 
Fig. 4 Results of whole cell (M. haemolytica) ELISA on serum obtained from calves pre 
and post-inoculation. 
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Fig. 5. Composition of BAL fluid obtained from control Group III calves challenged 
intratracheally with 25 ml of sterile PBS.  
 
 
 
Fig. 6.  Composition of BAL fluid obtained from Group II calves challenged 
intratracheally with 25 ml PBS containing 0.31 x 109  cfu/ml of wt M. haemolytica.  
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Fig. 7. Composition of BAL fluid obtained from Group I calves challenged 
intratracheally with 25 ml PBS containing 0.44 x 109  cfu/ml of LKT deficient (lkt-) M. 
haemolytica. 
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Fig. 8 Quantification of TNF protein in BAL fluid obtained from calves challenged with 
LKT deficient (lkt) and wild type (wt) M. haemolytica. The calves were challenged with 
25 ml PBS containing 4.4 x 108 bacteria/ml and 3.1 x 108 bacteria/ml for lkt- and wt, 
respectively. BAL fluid was harvested at the indicated time points (X-axis) and assayed 
for the presence of TNF protein (pg/ml) using ELISA. Data are the means ± SEM of 
samples obtained from 12 different animals per group. 
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Fig. 9. Fig. Quantification of IL- 8 mRNA production by inflammatory cells obtained 
from the BAL fluid of calves challenged with LKT deficient (lkt-) and wild type (wt) M. 
haemolytica. The calves were challenged with 25 ml PBS containing 0.44 x 109 
bacteria/ml and 0.31 x 109  bacteria/ml for lkt- and wt, respectively. BAL cells were 
harvested at the indicated time points (X-axis) and assayed for the presence of IL- 8 
mRNA using RT-PCR. mRNA expression data were normalized to the expression of ß-
actin mRNA and the accumulation of cytokine mRNA was expressed as fold increase (Y-
axis). Data are the means ± SEM of samples obtained from 12 different animals per 
group. 
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Fig. 10. Quantification of IL- 1 mRNA production by inflammatory cells obtained from 
the BAL fluid of calves challenged with LKT deficient (lkt-) and wild type (wt) M. 
haemolytica. The calves were challenged with 25 ml PBS containing 0.44 x 109 
bacteria/ml and 0.31 x 109 bacteria/ml for lkt- and wt, respectively. BAL cells were 
harvested at the indicated time points (X-axis)  and assayed for the presence of IL- 1 
mRNA using RT-PCR. mRNA expression data were normalized to the expression of ß-
actin mRNA and the accumulation of cytokine mRNA was expressed as fold increase (Y-
axis). Data are the means ± SEM of samples obtained from 12 different animals per 
group. 
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Fig. 11. Quantification of TNFά mRNA production by inflammatory cells obtained from 
the BAL fluid of calves challenged with LKT deficient (lkt-) and wild type (wt) M. 
haemolytica. The calves were challenged with 25 ml PBS containing 0.44 x 109  
bacteria/ml and 0.31 x 109  bacteria/ml for lkt- and wt, respectively. BAL cells were 
harvested at the indicated time points (X-axis) and assayed for the presence of TNFά 
mRNA using RT-PCR. mRNA expression data were normalized to the expression of ß-
actin mRNA and the accumulation of cytokine mRNA was expressed as fold increase (Y-
axis). Data are the means ± SEM of samples obtained from 12 different animals per 
group. 
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Fig. 12. Quantification of IL- 10 mRNA production by inflammatory cells obtained from 
the BAL fluid of calves challenged with LKT deficient (lkt-) and wild type (wt) M. 
haemolytica. The calves were challenged with 25 ml PBS containing 0.44 x 109 
bacteria/ml and 0.31 x 109  bacteria/ml for lkt- and wt, respectively. BAL cells were 
harvested at the indicated time points (X-axis) and assayed for the presence of IL- 10 
mRNA using RT-PCR. mRNA expression data were normalized to the expression of ß-
actin mRNA and the accumulation of cytokine mRNA was expressed as fold increase (Y-
axis). Data are the means ± SEM of samples obtained from 12 different animals per 
group. 
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Fig. 13. Quantification of IL- 12 mRNA production by inflammatory cells obtained from 
the BAL fluid of calves challenged with LKT deficient (lkt-) and wild type (wt) M. 
haemolytica. The calves were challenged with 25 ml PBS containing 0.44 x 109 
bacteria/ml and 0.31 x 109 bacteria/ml for lkt- and wt, respectively. BAL cells were 
harvested at the indicated time points (X-axis) and assayed for the presence of IL- 12 
mRNA using RT-PCR. mRNA expression data were normalized to the expression of ß-
actin mRNA and the accumulation of cytokine mRNA was expressed as fold increase (Y-
axis). Data are the means ± SEM of samples obtained from 12 different animals per 
group. 
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CHAPTER V 
CONCLUSIONS 
1. In vitro study: we observed an overall increased mRNA expression of cytokines TNFα, 
IL-1ß, IL-8, IL-10 and IL-12 when bovine alveolar macrophages were challenged with 
LKT-deficient strain compared to the wt-strain of M. haemolytica. LKT-induced cell 
cytotoxicity was observed in BAM which suggested that the difference in cytokine 
mRNA expression was due to LKT-induced cell cytotoxicity and cytokine expression is 
also mediated by LPS and other virulence factors.  
 
2. In vivo study: we challenged calves with the wild type and LKT-deficient M. 
haemolytica. Following intratracheal inoculation, inflammatory cells were separated from 
the bronchioalveolar lavage collected on day -4, 1, 3, and 6. The effects on leukocyte 
function were measured by quantifying cytokines IL-1β, IL-8, IL-10, IL-12 and TNFα 
response using ELISA and real-time RT-PCR. Calves challenged with wt-strain had a 
higher mean clinical score and one death compared to calves challenged with the LKT-
deficient strain. The composition of bronchioalveolar lavage fluid was variable between 
the groups. Though a statistically significant difference in the expression level of 
cytokines was not observed between the groups challenged with LKT-deficient strain and 
wt-strain of M. haemolytica, increased expression  of IL- 8 and IL- 10 was observed in 
wild type and LKT-deficient M. haemolytica challenged calves, respectively.  The 
expression of these cytokines may be correlated with the clinical severity in calves. 
 
3. The results presented in these in vitro  and in vivo studies demonstrate that virulence 
factors other than LKT, in particular LPS, play an important role in BPP and through the 
use of multiple virulence factors M. haemolytica has a selective effect on the induction of 
various cytokine mRNA synthesis by inflammatory cells. 
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